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Metal–Organic Materials: From Design Principles to Practical Applications

Mohamed H. Alkordi
ABSTRACT

The works presented herein outline rational design approaches towards
construction of solid state materials with great potentials to answer some of current
demanding applications. Specifically, the materials targeted are metal−organic materials
with desirable structural features and functional properties. Metal−organic materials are
constructed from organic linker molecules and metal ions under relatively mild
solvothermal reaction conditions that preserve the structural features of the relatively
simple building blocks. Therefore, it is feasible to conceive a retrospective pathway of
the reaction and thus deconstruct the desirable structures into simple, chemicallyrelevant, building blocks in an approach known as the molecular building block
approach. Due to the large number of reaction variables, e.g. concentration, stoichiometry
of reactants, nature of solvents, counterions, temperature, etc., it is very significant for
advancements in the field to employ a systematic investigation strategy to asses and
better understand the relevant roles played by the various reaction conditions towards
construction of the targeted materials.
The modular nature of metal−organic materials allows for tuning their properties
to meet a specific application through careful design of the molecular precursors, i.e.
xviii

information encoding at the molecular level. Research in this area is highly
interdisciplinary where synthetic organic chemistry, in silico modeling, and various
analytical techniques merge together to afford better understanding of the basic science
involved and eventually to result in enhanced control over the properties of targeted
materials.
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Chapter 1: Introduction

1.1

Supramolecular Chemistry
Supramolecular chemistry, defined as “chemistry beyond the molecule” 1 or as

defined by J. -M. Lehn “chemistry of molecular assemblies and of the intermolecular
bond’’ 2, is the field of science concerned with chemical, physical, and biological
characteristics of molecular ensembles, commonly known as supermolecules, constructed
via self-assembly processes. Supermolecules, the term used in 1937 by K.L. Wolf
(Übermoleküle) to describe hydrogen-bonded dimers of acetic acid 3, are relatively
complex chemical entities formed through noncovalent intermolecular interactions
between relatively simple chemical species. Such interactions are binding, as molecules
do not act if they are not bound according to Paul Ehrlich “Corpora non agunt nisi
fixata”, 4 and highly specific as to allow design and control over the resulted structure.
Over the past few decades, the field received increasing attention of chemists as their
view of molecular properties changed gradually from being intrinsic to the molecules to
being expressed in presence of other molecules, or in certain environments, due to
noncovalent molecular interactions.
1.1.1

Supermolecules
Supermolecules to molecules and intermolecular bonds are as molecules to atoms

and covalent bonds. 2 Supermolecules can be described as being chemical entities of
1

higher complexity formed through spontaneous, reversible association of two or more
chemical species utilizing the intermolecular, noncovalent, interactions. Due to the nature
of noncovalent bonding interactions involved in construction of supermolecules, selfcorrection emerges as an intrinsic characteristic of supermolecules. That is to say, the
noncovalent nature of chemical bonds in supermolecules, thus being reversible, allows
for self-correction to result in thermodynamically-controlled product as the major
product, which most frequently is the most symmetric product among a pool of potential
products.5c Deliberately constructed and functionalized supermolecules can exhibit a
variety of chemical and physical properties 5a like recognition of a substrate among a
collection of species, 6 or molecular catalysis through reaction of catalytic sites with
reversibly-bound substrate.
The utilization of supermolecules in catalysis as abiotic enzyme models continues
to receive wide scientific interest due to various attributes of supermolecules as hosts
capable of selective substrate binding. Of particular importance are the following
attributes, enumerated by Jean-Marie Lehn in 1979, 5a of supermolecules that impart close
similarity to their biotic catalysts counterparts:
(a) Selective host-substrate binding due to specific, complimentary host-substrate
intermolecular interactions that are, in a large number of examples, amenable to
deliberate modification and thus design.
(b) Fast and selective reaction of the bound substrate, i.e. accelerated reaction rate for
bound relative to unbound substrate.
(c) Regeneration of the reactive site after accomplishment of the catalytic transformation,
affected due to the noncovalent nature of substrate-host interaction and the altered
2

nature of the end product as compared to the substrate, resulting in weaker
interactions with the supermolecular catalyst.
(d) High turnover of the catalyst due to stability of the supermolecule under the reaction
conditions employed.
1.1.2

Molecular Recognition: Functional and Shape Complimentarity
Noncovalent intermolecular interactions range from relatively weak attractive van

der Walls interactions, moderate to strong hydrogen bond interactions, to strong dipoledipole, ionic, or coordination interactions. Dispersive forces are attractive forces between
molecular entities (or between groups within the same molecular entity) other than those
due to bond formation or to the electrostatic interaction of ions or of ionic groups with
one another or with neutral molecules.5b The term includes: dipole–dipole, dipoleinduced dipole and London (instantaneous induced dipole-induced dipole) forces. The
term is sometimes used loosely to indicate nonspecific attractive or repulsive
intermolecular forces.7
The novel family of cyclic polyether molecules developed by Charles J. Pedersen,
commonly known as crown ethers, was shown to exhibit selective binding, i.e.
recognition, of alkali metal ions (Li+, Na+, K+, Rb+, and Cs+) where selectivity is
imparted by the ring size of the macrocyclic polyether molecule to match the size of the
alkali metal ion to be selectively bonded.8
While the early works of Pederson underlined the very beginnings of artificial
host molecules capable of substrate recognition, as simple as it was, a single monoatomic spherical ion, Jean-Marie Lehn and Donald J. Cram subsequently developed
increasingly sophisticated host molecules, utilizing synthetic organic chemistry, to
3

construct macromolecules properly designed as hosts for selective binding of a wide
variety of relatively larger (anionic, neutral, or cationic), with more sophisticated
recognition sites, substrates.9 To achieve this goal, carefully designed host molecules that
provide the suitable complimentary molecular recognition sites were devised. In
recognition of their achievements in this, then and now, rapidly growing field of science,
Pedersen, Lehn and Cram, equally shared the Nobel Prize of Chemistry in 1987 “for their
development and use of molecules with structure-specific interactions of high
selectivity”.
Dispersive interactions are non-directional and thus present greater challenges for
their utilization into successful design strategies under carefully controlled synthetic
conditions towards construction of host materials capable of selective substrate binding.
In contrast, the hydrogen bond interactions 10 are directional, Figure 1.1, and essential in
a variety of systems, those ranging from most complicated and highly functional
biological structures capable of self-replication and/or substrate recognition, best
exemplified by the crucial role played by hydrogen bonds in formation and stabilization
of double strand DNA and by those in the active site of an enzyme, to those being
increasingly utilized in man-made supermolecules.
Discoveries and advances in artificial supermolecules that rely heavily on
intermolecular hydrogen bonding interactions to derive the self-assembly of the
molecular components into a supermolecule were made possible mainly due to careful
consideration (both experimentally and conceptually) of the nature of hydrogen bond

4

Figure 1.1. Intermolecular hydrogen interactions showing shape (A and B) and shape and
functionality (C) complimentarity in the molecular recognition process.

interactions. First, experiments to construct supermolecules from hydrogen-bonded
molecular subunits were conducted in non-competitive solvents where the hydrogen
bonds can become quite strong. This is demonstrated in the very early examples of
hydrogen bonded “tennis ball” described by Rebek et al, 11 in which two glycouril-based
molecules self-assemble through multiple hydrogen bonding interactions in
dichloromethane as the solvent to create a host molecule with the “tennis ball” shape. The
authors reported disruption of the hydrogen bonded construct upon dissolution in
dimethylsulfoxide, a significant example that clearly demonstrates the importance of
eliminating solvent competition for the hydrogen bond donor/acceptor sites in the
molecular precursors to successfully self-assemble, constructing the intended
supermolecule. Second, and equally important, reason for development in the area of
hydrogen-bonded supermolecules is the directionality of the hydrogen bond. This feature
of hydrogen bond interactions permits the design of highly specific interaction sites

5

Figure 1.2. Molecular recognition of guanidinium cation by 1,3-xylylene-27-crown-8.6c

within the molecular precursors of the targeted supermolecule permitting their
spontaneous self- assembly under appropriate reaction conditions. Moreover, information
can be encoded at the molecular level in the constructed supermolecule, pre- or postsynthetically, in the form of fragments that posses shape and/or functional
complimentarity towards a specific substrate, Figure 1.2. Hydrogen bond interactions can
span the range of strong hydrogen bonds with binding energies in the range of 60–120 kJ
mol-1 (heteroatom–heteroatom distances between 2.2 and 2.5A˚), moderate hydrogen
bonds (15–60 kJ mol-1, distances of 2.5–3.2 A˚), and weak hydrogen bonds with binding
energies below ca. 15 kJ mol-1 and long donor–acceptor distances of up to 4A˚.5b
Among the noncovalent intermolecular interactions are the coordination bond
interactions. This kind of molecular interaction exhibits stronger binding energies than
those found in hydrogen bonding interactions and, in general, are highly directional with
well-defined geometries around the coordinated metal ion. Therefore, it appeared that
construction of supermolecules as hosts for recognition of substrate molecules utilizing
6

the coordination bond carries the potential for success. Indeed, this was demonstrated
independently by Fujita and Stang,12 where cage-like supermolecules, commonly known
as coordination capsules, were deliberately designed and successfully constructed from
pyridine-like N-donor organic linkers, paneling the surface of regularly-shaped
polyhedra, and the cis-chelated Pd(II) ions as the vertices. Coordination capsules offer
several advantages compared to their hydrogen bonded “tennis ball” counterparts as hosts
for molecular recognition of guest molecules. Such advantages are intimately related to
the nature of coordination bonds compared to hydrogen bond interactions. Due to the
more thermodynamically favorable metal ion-ligand interactions in a large number of
solvents as compared to energy of solvation for the metal ion, in general, chemists were
given amble space to utilize a variety of solvents and, accordingly, experiment with wide
range of metal ion salts and ligand molecules. In addition, coordination capsules are
amenable for modular synthesis, i.e. the ligand molecules could be expanded and/or
functionalized (with non-coordinating functionality), the metal ion could be substituted
with a different metal ion that exhibits similar coordination geometry, or altogether both
the ligand molecule and the metal ion could be substituted by other linker and metal ions
maintaining the same overall topology of the construct. It is due to those advantages of
working with coordination capsule that a rapid growth of the field has been encountered
since the last decade.13

7

1.1.3

Cooperative Molecular Recognition Processes
Cooperativity describes the influence of binding a substrate at one of the host’s

binding sites on the second binding step occurring at another binding site of the same
host. Cooperativity can be positive, where binding strength of the second guest is
increased by the first one and the sum of both binding energies is more than twice the
binding energy of the first substrate. Binding cooperativity can also be negative, if the
first binding process attenuates the binding affinity of the host to a second substrate.
Many examples for cooperativity are known from biochemistry, best represented by
successive binding of four oxygen molecules by a single haemoglobin molecule, Figure
1.3.14 Upon binding the first oxygen molecule by one of the haem groups, conformational
changes are induced in the protein’s tertiary structure which also affects the other
subunits in a fashion that facilitates consecutive binding of oxygen molecules. This
example demonstrates the need for a mechanism that can relay the effect of the first
binding event to the second one in cooperative recognition processes. This aspect
(cooperativity in molecular recognition) is of interest to our studies due to the abundance
of polytopic linkers utilized in construction of metal−organic materials. Although, to
date, no studies were conducted, to the best of our knowledge, that probe the effect
played by binding cooperativity in construction of metal−organic materials, it could be a
major factor in facilitating the self-assembly processes underlining the construction of
metal−organic materials and thus is merit of extensive experimental and theoretical
investigations.
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Figure 1.3. Crystal structure of T state haemoglobin with oxygen bound at all four haems
(depicted in ball-and-stick model for clarity).14b

1.1.4

Self-Assembly in Supramolecular Chemistry
In supramolecular chemistry, self-assembly 15 is an efficient synthetic strategy to

access supermolecules with higher complexity and, by default, functionality. In contrast
to tedious multistep covalent syntheses amenable to retrosynthetic approach, selfassembly involves spontaneous, one-pot, association of simple building blocks through
noncovalent interactions programmed with appropriate information in the form of
functional groups capable of molecular recognition held at specific relative geometry.
This type of chemical synthesis allows access to relatively large, sophisticated assemblies
that would be otherwise extremely difficult to attain through stepwise organic synthesis.
However, one particular attribute of self-assembled supermolecules is the high symmetry
9

of the supermolecules assembled from identical repeating units (monomers) due to the
very characteristic nature of such assemblies being thermodynamically controlled
products formed under equilibrium conditions. While such symmetry might bear
interesting functional and structural characteristics, dissymmetric macromolecules
prepared by conventional organic synthesis continue to hold unique position in medicinal
chemistry, polymer chemistry, food products, as well as other areas of interest. Therefore,
self-assembly and step-wise organic synthesis techniques caould be rearded as
complementary techniques where advancements in both areas hold great promise to
enhance scientists’ control over matter, at the molecular level, aiming to produce novel
molecules and materials for demanding applications.

1.1.5

Templates in Self-Assembly Processes
In chemistry, the term template bears very close analogy to the simple common

perception of a template in industrial applications; to serve as an essential part in an
assembly process defining the shape of the end product though not an integral part of the
end product and thus could easily be removed after the assembly process is
accomplished. In this sense, a chemical template organizes the reactants in a chemical
reaction, through noncovalent supermolecular interactions, permitting control over the
end product. However, it is almost impossible to give a concise definition of the term
‘‘template’’ as it spans numerous different branches of chemistry 16. Templates span the
whole range from biochemistry, best represented by the complex biological structures
specialized in DNA replication, 17 to the formation of structured inorganic materials 18 to
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the templated synthesis of macrocycles 19 to the preparation of supermolecular catalysts.20
Despite the apparent differences in the previous fields of study and, accordingly, the
working definitions of a template within, a shared common criteria of a template is its
ability to (i) organize reactant species in a pre-determined configuration essential for the
formation of a desired product, i.e. the desired product is inaccessible in absence of the
template, (ii) the template controls reactivity and/or produces form which requires that
(ii) the template binds through reversible, noncovalent, interactions to the reactants.
Instantly, molecular recognition appears as a necessary prerequisite for templated
syntheses, where the binding sites of the reaction partners to the template must be
complementary in order to establish a successful “template effect”. The very nature of
this template effect requires molecular design and recognition, in a pre-designed fashion,
in a step that can fairly be described as information encoding at the molecular level.

1.1.6

Rational Design Strategies in Self-Assembled Supermolecules
To arrive at pre-designed artificial supermolecule from self-assembled molecular

precursors (building blocks), several requirements must be met. Those include the free
mobility of the building blocks allowing them to fall into global or local minima on the
energetic landscape through optimized interactions, a requirement that is fulfilled for
solvated species due to Brownian motion. In addition, the individual components must be
encoded with the appropriate information at the molecular level in the form of binding
sites capable of selective substrate bindig through complimentary intermolecular
interactions and held at correct relative disposition. Since mutual recognition between
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reactants requires specificity in binding interactions, self-assembly is largely dependent
on formulation of well pre-organized building blocks. Finally, the bonds between
different components must be reversible under the experimental conditions employed.
This latter requirement insures that the final construct is generated as thermodynamically
controlled product under equilibrium conditions. This aspect is especially important as
kinetically controlled processes do not have the potential for error correction and thus
usually lead to ill-defined (amorphous) product, mixture of products, or the kinetically
controlled product that is in most cases exhibits lower symmetry compared to the
thermodynamically controlled product. 132 The reversibility of self-assembly processes
imparts dynamic equilibrium characteristics to the formed constructs, making such
supermolecular assemblies prone to exchange reactions involving their fragments
(building blocks).133
1.2

Coordination Polymers
Oxford dictionary defines a polymer as “a compound whose formula is an exact

multiple of that of another compound, being composed of the same elements in the same
proportions”. The more recent definition refers to a polymer as a compound with a
molecular structure in which a (usually large) number of similar polyatomic units are
bonded together. Polymers can be classified according to the nature of polymerization
reactions into two types, namely addition and condensation polymers.
In addition polymers, the molecular formula of the monomer is identical with that
of the structural unit. The polymerization step does not generate nor require molecules
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other than the monomers. Examples in organic polymers are numerous and perhaps best
demonstrated by the widely employed polystyrene polymer.
In condensation polymers the molecular formula of the monomer differs from that
of the structural unit through elimination of small molecule, water most commonly, as a
side product of the polymerization step. Examples are polyesters and polyamides
resulting from condensation polymerization of organic acids and alcohols, in the first, and
acids and amines, in the latter.
From the definition of a polymer above, one can draw a clear relation between a
widely known class of material composed of well-defined repeating units upon
association of transition metals and functional organic molecules through heteroatommetal ion coordination bonds. In this sense, such material is properly labeled as
coordination polymer, to express the nature of bonding interactions involved in the
polymer synthesis and to distinguish this class from widely recognized organic polymers
that is commonly referred to as “polymers”. The use of proper terminology is crucial to
avoid misconceptions regarding the materials properties, artificial restrictions and
exclusions of intimately-related compounds, and failure to correlate with closely related
phenomena.
In fact, close inspection of the starting materials and end products in coordination
polymers, assuming unknown reaction mechanism, reveals a common trend of loosing
metal-coordinated solvent molecules upon formation of each coordination bond. Based
solely on this observation, coordination polymers can further be regarded as condensation
polymers. Moreover, this classification is still valid for a large number of charge-neutral
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coordination polymers of metal cations coordinated to anionic organic functionality in the
organic linker, where elimination of another small molecule (e.g. HNO3, HCl, NaNO3,
NaCl, etc.) other than the solvent molecule accompanies each polymerization step.
In his introduction of the term coordination polymers in 1964, J. C. Bailar 21 draw
the resemblance between the then widely known organic polymers and polymeric
coordination complexes on basis not so different from the ones mentioned above.

1.2.1

Metal−Organic Frameworks
Metal−organic frameworks (MOFs), a class of coordination polymers, have

emerged as novel class of solid state materials with hybrid chemical composition of metal
ions, or clusters, and organic molecules bearing a wide array of functional groups capable
of metal coordination and/or chelation. Several attributes of such materials have captured
the interest of scientists from different arena due to the wide potential applications in
current demanding technologies. The attributes of interest are intrinsic to both the
chemical composition and spatial arrangement (order on the molecular and, further,
atomic scale) of the metal−organic materials. In order to construct a highly ordered solid
state materials, a plethora of design principles and experimental techniques were devised.
Although this kind of constructs might share some similarity to previously known
silicates, sol-gel, zeolites, and mesoporous material, one distinct feature of metal−organic
material is the relatively mild reaction conditions employed in the synthesis, permitting
maintained integrity of well defined building blocks that are generated in situ from
molecular or ionic precursors, and thus allowing enhanced control and predictability of
14

the composition and topology of the final construct. Of particular interest, regarding
structural properties of metal−organic materials, are the ability to generate permanently
porous solids that possess high surface area and structural stability against guest
exchange. Also, the crystalline nature of such materials permits unequivocal structural
characterization through diffraction techniques, widely employed are X-ray and neutron
diffraction, an essential element for successful structure-function relationship studies. In
addition, the available metal ion sites, in various examples a coordinatevley-unsaturated
metal ion, present reaction sites for desirable catalytic transformations and/or guestsubstrate interactions. The organic moiety itself provides the capability to enhanced
surface area as well as providing functional sites for guest interactions, a property proven
useful in gas or liquid sorption and/or molecular sensing.
As a direct result of the above characteristics of metal−organic materials, those
materials are currently employed in emerging technologies that include gas
storage/separation, selective guest sensing, enhanced heterogeneous catalysis,
magnetism, and non-linear optics.22-35 The wide scientific interest in metal−organic
materials, alternatively known as coordination polymers, is reflected in the exponential
growth in number of publications in the area, Figure 1.4.
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Figure 1.4. Histogram highlighting the number of publications containing the terms
“Coordination polymer” (red) and “Metal−organic framework” (green) as topics in
publications (source: ISI Web of Knowledge, 01/03/2010, refined to include only
publications in chemistry, materials science, physics, and polymer science subject areas).
In synthesis of MOFs, a wide array of metal ions, with special interest are
transition metal ions that can adopt a variety of well-defined coordination geometries, are
generally employed. The versatile analogues of organic linkers, commercially available
or synthetically accessible, of the organic linker utilized in a prototypal MOF enables
material scientist to choose judicially a suitable linker to either expand or decorate a
prototypal MOF in conjunction with an appropriate metal ion that exhibit specific activity
for applications pertinent to catalysis, gas sorption, guest sensing, etc.

1.2.2

Historical Perspective
It was due to the pioneering studies of Alfred Werner, Nobel laureate of 1913,

that chemists have first realized the type, geometry, and isomerism in octahedrallycoordinated transition metal ions. In the family of compounds known as Werner
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clathrates, solid-state host-guest composites in which an octahedral metal complex of the
formula MA4X2, the complex serve as a clathrating agent toward appropriately sized
organic guests. In a classical Werner clathrate, M is a divalent metal ion, A is a neutral
amine donor ligand (usually a pyridine derivative), and X is an anionic ligand (NCS-, CN, NCO-, Cl-, Br-, I-,NO3-). This family of compounds are based on N-donor ligands
(neutral pyridines), Figure 1.5.
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Figure 1.5. (Top) an example of the Werner complex, Ni(NCS)2(4-methylpyridine)4,38
(below) crystal packing showing inclusion of benzene rings guest molecules
(highlighted). Ni(magenta), C(gray), N(blue), S(yellow), H(white).
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While Werner complexes are based on discrete coordination molecular species,
another type of coordination compounds with a distinctive extension into 2D layers
through utilization of bridging bidentate ligands were developed and first reported by K.
A. Hofmann , the first reported compound was Ni(NH3)2Ni(CN)4·2(C6H6) by Hofmann in
1897.39

Figure 1.6. Crystal structure for one of Hofmann-type clathrates44 (top) single 2D
periodic layer outlining the square planar Ni(CN)4 and the octahedral Fe(CN)4(NH3)2
(below) disordered benzene guest molecules (highlighted in orange) are enclathrated by
the 2D layers. Fe (red), Ni (magenta), C (gray), N (blue).
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Those compounds also exhibit inclusion properties of proper size guest molecules
and were through works of Iwamoto and coworkers that a various derivatives of
Hoffman-clathrate were obtained. Those derivatives maintain the parent Hofmann-type
compound topology of 2D sheets although including a second octahedrally-coordinated
metal ion other than the octahedral Ni (capped with two axial ammonia molecules) or
altogether substituting both Ni ions by two different metal ions, one with square-planar
and the other with octahedral coordination sphere. The general formula of such
compounds can be represented as M(NH3)2M'(CN)4·2G, where M is Mn, Fe, Co, Ni, Cu,
or Zn, M' is Ni, Pd, or Pt, and G (guest molecule) is pyrrole, thiophene, benzene, or
aniline.40-43
The Hofmann compounds clearly demonstrate the transition from discrete
molecular specie, Werner compounds, into 2D layers of coordination polymers simply
through utilization of bridging bidentate ligands. It is due to the presence of capping
monodentate ammonia molecules coordinated to the trans-MA4B2 octahedral metal ions,
where A represents the bidentate cyanide ligand and B represents the capping ammonia,
that the former layers were not interconnected into infinite, 3D construct. Thus it seemed
logical that replacement of the monodentate ammonia by a bidentate ligand molecule
could provide the route to construction of 3D networks.
In fact, the early developed Prussian blue, octahedral mixed-valance iron metal
ions bridged by cyanide with the general formula Fe4[Fe(CN)6]3·xH2O, its first single
crystal X-ray diffraction characterization was conducted by Ludi and co-workers,45 best
demonstrate this idea and is considered to be the first 3D coordination polymer. 46
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Earliest examples of structurally-investigated coordination polymers dates back to
1936, where Keggin and Miles reported the structure of Prussian Blue and related
compounds,36 and Griffth in 1943, who reported the crystal structure of silver oxalate.37
While coordination polymers were known for a relatively long time in chemistry
literature, the seminal contributions by Robson et al, in 1989, 47-49 can be considered to
mark the beginning of a rapidly evolving area of research in materials science, namely
MOFs or more generally metal−organic materials (MOMs). Robson’s early successful
node-and-spacer approach for design and synthesis of coordination polymers laid the
foundation for advancements in the field through early identification of key concepts,
especially retrospective structure-based design approach for construction of novel
materials based on previously known topologies of naturally-occurring minerals,
identifying the simplest repeating building unit (molecular building block), observation
and control of framework interpenetration, and roles of templates in determining the end
structure. Those early reports clearly demonstrated the feasibility of targeting 3D
coordination polymers sharing the same underlying connectivity (topology) of naturally
occurring minerals. Moreover, in contrary to common perception then, Robson
demonstrated that through simply reacting polytopic organic linkers and transition metal
ions, under appropriate conditions, resulted in crystalline solids instead of what was then
expected to result in tangled bird’s nest-like structures that are difficult to characterize.
This observation holds a significant place in advancement of the field and it stems from
reversibility of coordination bonds, where structurally ill-defined product would be able
to dis-assemble and re-assemble again into well-defined crystalline material, under the
reaction conditions employed in syntheses of coordination polymers. The crystalline
21

nature of coordination polymers attained under carefully adjusted experimental
conditions allows for unequivocal structure determination through X-ray or neutron
diffraction techniques, permitting investigation of structure-function relationship and,
equally or more important, design of targeted material. The reversible nature of
coordination bonds ensures formation of well-defined polymer and thus results in highly
ordered crystalline material. This is in contrast to organic polymers, where covalent
bonds are not reversible under the polymerization conditions, usually encountered as noncrystalline material due to the lack of re-organization steps during polymerization.
For historical perspective, it is important to mention that numerous examples of
coordination polymers based on relatively simple organic linkers can be found in the
literature prior to Robson’s reports. Examples include oxalate, thiooxamido, 4-Amino3,5,6-trichloropicolinate, dithio-oxalate, 2,3-Pyrazinedicarboxylate, l-tartrate, 2,2'Bipyrimidine, N-tosyl-a-alaninate, and dithio-oxalate, Figure 1.7.
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Figure 1.7. Examples of organic linkers utilized in early examples of coordination
polymers.
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However, the first coordination polymers reported by Robson et al demonstrated the
feasibility of designing crystalline materials containing solvent-filled cavities with
relatively large dimensions yet with essentially similar topology of inorganic salts or
minerals. 50-57
The first example reported by Robson et al is a diamond-like network based on
coordination of tetrahedrally disposed tetra nitriles from the organic linker 4,4`,4``,4```tetracyanotetraphenylmethane and the tetrahedral Cu(I) metal ions. Although this
diamond-like network resembles the topology of diamond, interconnected tetrahedral
carbon atoms, but on a much bigger size scale and even lower material density solely due
to the expansion of the linear linker connecting tetrahedra, from a single covalent bond in
the first to a benzonitrile molecule in the latter, Figure 1.8.

Figure 1.8. Hoskins and Robson’s first report of a 3D coordination polymer based on
diamond-like net with the formula Cu[C(C6H4·CN)4]BF4, the tetraflouroborate
counterions were highly disordered and not localized through the X-ray crystal
structure.47
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In the follow-up publication, Robson addressed the problem of selfinterpenetration observed when one framework grows inside and threads through the
voids and windows of another identical one. This phenomena decreases the available free
space inside the targeted MOF and Robson was able to direct the synthesis of a particular
MOF system that is prone to self-interpenetration to obtain a non-interpenetrated
framework through careful design of a relatively bulky counterion (tetramethyl
ammonium) residing in alternating diamond-like cages of the overall anionic framework
[CuZn(CN)2]-. This framework has the same diamond-like framework topology
characteristic of the neutral and interpenetrated networks existed nearly half a century
before Robson’s works, the Zn(CN)2 and Cd(CN)2 coordination polymers, but yet quite
different in that interpenetration was avoided by first replacing half of the tetrahedrallycoordinated Zn(II) or Cd(II) ions by the tetrahedrally coordinated Cu(I) ion, rendering the
framework anionic and in turn required presence of counterions. By selecting counterions
with appropriate size that preclude interpenetration of one framework into another, the
authors were successful in their endeavor, Figure 1.9.

Figure 1.9. Crystal structure of the non-interpenetrating [CuZn(CN)4](NMe4) 48
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1.2.3

Coordination Polymers Utilizing Polytopic, Nitrogen-Donor Ligands
In the first reports by Robson et.al, the authors identified the node-and-spacer

approach as a conceptual principle to construct coordination polymers. In this approach,
the metal ion serves as the node, with a well-defined coordination sphere acting as a
tetrahedral or octahedral node that, upon coordination by an N-donor polytopic organic
ligand, the spacer, affords the targeted construct. This approach based on molecular, Ndonor ligands towards construction of coordination polymers have met with great
success, demonstrated by numerous examples in literature utilizing pyrazine,58a 4,4`bipyridine, 58b pyrimidine,58c triazine, 58d hexamethylenetetramine (HMTA) 58eand other
similar linkers, Figures 1.10 and Figures 1.11-12, for examples of such frameworks.
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Figure 1.10. Examples of N-donor polytopic linkers.
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N
pyrimidine

Figure 1.11. [Cu(pyrimidine)2]BF4 framework58c with the counterions highlighted. Cu
(orange), C (gray), H (white), N (blue).

However, due to the nature of overall construct being cationic, presence of
counterions as guests or solvated inclusions inside the voids of the framework or in close
proximity to the metal−organic polyhedra, in case of discrete supramolecular
coordination entities presents two major challenges. The first is due to consumption of
certain volume inside the voids of the MOF thus limiting or precluding full utilization of
available space for applications pertinent to inclusion or adsorption of guest molecules by
the MOF. The second is experimentally detected phenomenon of instability of the MOF
upon removal of solvent molecules simultaneously enclathrated inside the voids of the
MOF, either from the mother liquor or from a subsequent solvent exchange process.
While the origin
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Figure 1.12. (Left) crystal structure of the framework attained from HMTA as an axial
bridging ligand to Cu(II) propionate clusters, (right) part of the structure showing the
bridging through HMTA (hydrogen atoms omitted for clarity).58e Cu (orange), C (gray),
H (white), N (blue), O (red).
of this phenomenon is not yet fully investigated, it seems reasonable to assume
competitive coordination to the metal ions by desolvated counterions, as a direct result of
solvent removal, due to the stronger favorable electrostatic interaction compared to the
coordination bonds from the charge-neutral, N-donor ligand.
In fact, MOFs based on anionic N-donor ligands have been synthesized and
successfully overcome those two challenges. A representative example is the tetrazolatebased MOF reported by Long et.al., from a solvothermal reaction of Mn and 5,5',5''benzene-1,3,5-triyltris(1H-tetrazole)59,60, Figure 1.13. Due to the anionic nature of
tetrazolate ions, the attained, overall anionic, framework was experimentally proven to
maintain its structural integrity upon desolvation. Therefore, MOFs based on N-donor,
especially anionic, polytopic ligands are expected to demonstrate desirable properties to
meet specific applications pertinent to their structural stability upon desolvation.
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Figure 1.13. (Left) crystal structure of the framework obtained by Long et al 59 based on
the tetrazolate linker and Mn. (Right) Schematic representation of the cube-like Mn4(µ4Cl)(tetrazolate)8 building blocks interconnected through tri-topic phenyl rings.
Disordered solvent molecules and solvated Mn ions are omitted for clarity. Mn
(magenta), Cl (green), C (gray), O (red), H (white) and N (blue).

Figure 1.14. (Left) the polytopic, anionic, N-donor organic linker utilized by Long et.al
coordinate Mn ions to forge the tetranuclear Mn4(µ4-Cl)(tetrazolate)8 building block. The
points of extension of this building block (highlighted) could be regarded as a cube-like
cluster (right) that upon bridging through triangular linker (the benzene ring in the
organic ligand) affords the structure shown in Figure 1.13. Mn (magenta), Cl (green), C
(gray), O (red), H (white) and N (blue).
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1.2.4

Coordination Polymers Utilizing Polytopic, Carboxylate-Based Ligands
As described in section 1.2.3, due to the hurdles encountered in post-synthetic

modification and/or activation of coordination polymers constructed from neutral Ndonor organic ligands, the focus of material scientists in the area has shifted towards the
anionic carboxylate-based ligands as an attractive alternative to construct robust materials
that are stable upon desolvation and/or guest removal. Moreover, due to the anionic
nature of carboxylate ligands, a wide variety of positively, neutral, or negatively charged
frameworks could be accessed depending on the ligand-to-metal ion ratio in the overall
formulation and, of course, depending on the oxidation state of the metal ions employed.
In addition, due to the various coordination modes of carboxylate ions, Figure 1.15, it
was anticipated that a plethora of compounds could be assembled from the same starting
materials depending upon the reaction conditions that potentially could be controlled to
direct the desirable coordination mode of carboxylate ions.
One additional feature of carboxylate-based linkers is the tendency to obtain
metal-carboxylate clusters under proper reaction conditions, generated in situ, yet
opening the door for utilization of such clusters as highly connected building blocks in
construction of solid state materials not accessible from single-metal-ion building blocks,
examples of frequently encountered metal carboxylate clusters are shown in Figure 1.16.

O
M

A

O
M

Mode A

O
M

A`

O
M

O

M

A``

B
M

O

B`
M

Modes B and B`

Modes A` and A``

Figure 1.15. Different coordination modes of carboxylate ions.
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Figure 1.16. Metal-carboxylate clusters commonly encountered and utilized as MBBs.
Left is the actual cluster and to the right is the conceptual secondary building unit (SBU)
depiction (a) binuclear tetracarboxylate paddle wheel M2(RCO2)4, (b) basic chromium
acetate trimer M3O(RCO2)6(H2O)3 and (c) basic zinc acetate, M4O(RCO2)6, R represents
the organic linker, the points of extensions are highlighted in yellow. Metal ion (green), C
(gray), N (blue), and O (red).

The points of extension of the above depicted metal-carboxylate clusters (the
clusters being regarded as MBBs accessible in situ under appropriate reaction conditions)
define a conceptual well-defined and spatially ordered entities that can be regarded as
secondary building units, (SBUs). Based on the geometry of the MBBs depicted above,
the paddlewheel-like metal-carboxylate cluster, frequently encountered in Cu carboxylate
complexes, is equivalent to a square-like SBU, the metal-carboxylate trimer MBB found
in chromium acetate and analogous species is equivalent to a trigonal prismatic SBU, and
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the metal-carboxylate tetra-nuclear MBB, found in basic zinc acetate clusters, is
equivalent to a regular octahedral SBU. Numerous examples of design strategies and
MOFs construction techniques that have utilized such SBUs in conjunction to polytopic
carboxylate linkers are found in current literature.61-77
The wide array of either commercially-available or synthetically-accessible
polytopic carboxylic acids provides a seemingly endless supply for materials scientist to
design and construct a variety of carboxylate-based solid state materials. Three particular
carboxylic acid ligands that have been utilized in current literature to construct three
different classes of MOFs that exhibit structural stability upon desolvation along with
desirable gas sorption properties are depicted in Figure 1.17.
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Figure 1.17. Three polytopic carboxylic acid ligands utilized in construction of MOFs
with exceptional structural stability upon guest removal and desirable gas sorption
properties.

31

The simple, yet elegant, synthesis accomplished by Yaghi et al in 1999, 78 starting
from zinc nitrates and terephthalic acid resulted in a MOF (commonly known as MOF-5)
that exhibit the basic zinc acetate MBB, Figure 1.18. The structure could simply be
described in terms of octahedral SBUs interconnected through the linear organic linker
(benzene ring) to result in primitive cubic (pcu) topology. Apart from this example
representing the successful implementation of the SBU design strategy to approach
highly symmetric and crystalline construct, the physical properties of the structure are
remarkable due to its maintained structural integrity upon desolvation and, accordingly,
the ability to utilize the porous nature of the construct towards gas sorption applications.
This example kindled the interest of scientific community in carboxylate-based MOFs
and, to date, still a subject of intense experimental and theoretical investigations.

Figure 1.18. Crystal structure of MOF-5,78 guest solvent molecules omitted for clarity.
The yellow sphere represents a sphere of radius 7.1 Å that can fit inside the regular cubic
cages of the framework without touching the van der Waals radii of the closest H atoms.
Zn (green), C (gray), O (red), H (white).
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The generality and robustness of this approach was fully exploited through
utilization of various analogues of terephthalic acid, all maintaining the relative
disposition of the carboxylate functionality but with either enlarged or substituted
aromatic ring system. The resulted compounds share the same underlying topology of the
prototypal MOF-5 but with far more enhance sorption properties and/or surface area as a
direct result of functionalizing or expanding the organic linkers.79-81 The family of
reported compounds is termed isoreticular metal−organic frameworks (IRMOFs), see
Figure 1.19 for examples of derivatives of terephthalic acid utilized.
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The framework constructed from reaction of the tetra-topic carboxylic acid linker,
5,5'-(E)-diazene-1,2-diyldibenzene-1,3-dicarboxylic acid, and In(NO3)3 resulted in a
MOF with square-octahedral (soc) topology containing the basic chromium acetate-like
[In3O(CO2)6(H2O)3] clusters regarded as trigonal prismatic SBUs. 82 This framework
exhibits interesting hydrogen sorption properties due to the highly localized charges
around the indium-carboxylate clusters. This structure demonstrates both the ability to
access and further to utilize the trigonal prismatic SBU from tri-nuclear metalcarboxylate cluster similar to the basic chromium acetate cluster towards construction of
MOFs. Two distinct types of chanells exist in the soc-MOF, represented in Figure 1.20.

Figure 1.20. Crystal structure of the soc-MOF. The yellow spheres represent spheres that
can fit inside the cages present in the framework without touching the van der Waals radii
of the closest atoms of the framework. Two intersecting types of channels exist in the
structure, hydrophilic (blue rods) and hydrophobic (red rods). Solvent molecules and
nitrate counterions omitted for clarity, In (green), C (gray), O (red), N (blue). 82
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One noticeable example of a MOF constructed from a polytopic carboxylic acid
and the binuclear metal-carboxylate paddlewheel-like cluster MBB, equivalent to a
square planar SBU, is the one commonly referred to as HKUST-1 MOF with the general
formula [Cu3(TMA)2(H2O)3]n, where TMA denotes trimesic acid (1,3,5benzenetricarboxylic acid), Figure 1.21.83 The MBB is defined by four carboxylate ions
coordinating two Cu(II) ions in a paddlewheel-like structure with four points of extension
defining a square-planar SBU. The authors reported the capability of exchanging the
axial water molecules coordinated to the Cu(II) paddlewheel, post-synthetically, with
pyridine molecules, opening the door for further investigations towards the viability of
small molecules preferential sorption and/or catalysis on coordinatively-unsaturated
metal centers.

Figure 1.21. The crystal structure of HKUST-1 MOF showing the interconnectivity of
the paddlewheel-like Cu2(RCO2)4 to the tri-topic, triangular 1,3,5-benzenetricarboxylate
linkers. Guest solvent molecules omitted for clarity, the two yellow spheres are those that
can fit inside the two distinctive cages inside the MOF without touching the van der
Waals radii of closest atoms. Cu (orange), C (gray), O (red), H (white). 83
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1.2.5

Coordination Ppolymers Utilizing Polytopic, Heterofunctional Ligands: The
Single-Metal-Ion MBB Approach
While the two approaches based on utilization of polytopic N-based or carboxylic

acid-based organic linkers continue to offer a large diversity of solid state materials with
desirable physical and chemical properties, our group, among others, imparked on
exploration of the feasibility of constructing novel materials from heterofunctional, those
bearing more than one kind of coordinating hetero atoms with special interest in N- and
O-donor ligands. This approach is based on two key ideas; the first is to implement
rigidity and directionality at the MBB through chelation of the metal ion by a chelating
ligand. As chelate metal-ion complexes have much higher stability compared to
complexes of monodentate ligands, the well-documented chelate effect, it was then
anticipated that MOFs constructed from such MBB would express superior chemical and
physical stability as compared to their counterpart constructed from mono-dentate
complexes. The second idea is concerned with the directionality imparted to the chelated
MBB, and towards this goal we opted to utilize ditopic bis-bidentate linkers containing
both aromatic nitrogen atoms and carboxylic acid groups. It was expected that due to the
more pronounced directionality of a metal-nitrogen coordination bond and the more
flexible nature of a carboxylate-metal ion coordination bonds that the N atoms of the
linker would direct the interconnectivity of the MBB while carboxylate at the α-position
to the nitrogen would establish the 5-member ring chelate with the coordinated metal ion.
In contrast to the polytopic carboxylate-based linkers (where multinuclear metalcarboxylate MBB could be attained), our approach utilizes single-metal-ion MBB as a
direct result of the chelating nature of the ligands utilized. 84-87 Several examples of
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heterofunctional, bis-bidentate ligand molecules that have been successfully utilized in
construction of functional solid state materials according to the single-metal-ion MBB
approach are shown in Figure 1.22.
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Figure 1.22. Examples of heterofunctional bis-bidentate organic linkers.

Two distinctive examples demonstrating the viability of this approach towards
construction of novel functional materials will be described herein. The first example
demonstrate the ability to utilize the dodecahedrally-coordinated In(III) metal ion that
upon coordination to the bis-bidentate chelating imidazolate-4,5-dicarboxylate forges a
zeolite-like MOF (ZMOF) with rho topology. 88 In this example, the chelation of In(III)
ion by four imidazole-based linkers generates, in situ, a single-metal-ion MBB that
extends to four neighboring MBBs through the organic linker, Figure 1.23. The two
nitrogen atoms of the linker (disposed at an angle ~145° comparable to that provided by
the O2- ion in zeolites) along with the tetrahedral MBB (considering N-atoms as the
points of extension) represent the right geometric conditions to construct a zeolite-like
material but with far more expanded voids and windows due to the replacement of an
atomic linker (O2- ion in zeolites) with a molecular one (imidazolate ring) in rho-ZMOF,
Figure 1.24.
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Figure 1.23. (Left to right) a dodecahedrally-coordinated metal ion MO4N4, the complex
of the metal ion coordinated to four heterofunctional chelating ligands, and the resultant
tetrahedral MBB considering N-atoms as the points of extension to the immediate
neighbor MBBs.

Figure 1.24. (From left to right) the crystal structure of rho-ZMOF, the coordination of
In(III) ions by four chelating linkers, simplified coordination sphere around In(III), and
the resulted tetrahedral single-metal-ion MBB. In (green), C (gray), O (red), N (blue),
hydrogen atoms and solvent molecules omitted for clarity. Yellow sphere represents a
sphere with radius c.a. 18 Å that can fit inside the cages without touching the van der
Waals radii of closest atoms. 88

The second example of interest is the construction of a cube-like metal−organic
polyhedra (MOP) utilizing 1H-imidazoledicarboxylic acid and Ni(II) metal ions.89 Due to
the favorable fac-NiO3N3 hetero-coordination sphere, chelation of Ni(II) ions by three
bis-bidentate linkers resulted in a single-metal-ion MBB that could be visualized as a
three-connected node, Figure 1.25. Upon extension of such MBB, generated in situ, to
three neighboring MBB directed by the N-atoms of the linker (acting as a linear spacer) a
cube-like MOP was constructed, Figure 1.26.
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Figure 1.25. (Left to right) an octahedrally-coordinated metal ion in fac-MO3N3
configuration, the complex of the metal ion coordinated to three heterofunctional
chelating ligands, and the resultant tri-connected MBB considering N-atoms as the points
of extension to the immediate neighbor MBBs.

Figure 1.26. (From left to right) the crystal structure of MOC-1, the coordination of
Ni(II) ions by three chelating linkers, simplified coordination sphere around Ni(II), and
the resulted tri-connected single-metal-ion MBB. Ni (green), C (gray), O (red), N (blue),
H (white). 89

1.3

Practical Applications of Functional Metal−Organic Materials
As function of a material is intimately related to its structure at the atomic and

molecular level, this is still a valid statement when considering the chemical and physical
properties of novel solid state materials. Due to the permanent porosity in various
examples of existing MOFs, i.e. structural integrity upon guest removal from the
framework, probed through reversible gas sorption isotherms of the material in concern,
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such MOFs possess the potential to be utilized in a variety of applications pertinent to
this particular structural aspect, permanent porosity. In this regard, the material is
considered a host for physisorption applications of gases, where MOFs have
demonstrated superior performance for carbon dioxide90 and molecular hydrogen91
physisorption. The search for novel materials to meet the DOE goals 92 as hydrogen
storage materials for mobile applications encompasses a very diverse array of solid state
materials, among which MOFs represent potential targets 93 where continuous
advancement in the field is expected to offer promising results. In a typical experimental
setup for assessment of the capacity of a MOF for hydrogen storage two hydrogen
physisorption isotherms are conducted on the guest-free MOF at two different
temperatures (typically the boiling points of liquid N2 and liquid Ar under one
atmospheric pressure, 77K and 87K, respectively). Although one isotherm is sufficient to
demonstrate the hydrogen storage capacity of a MOF under reported experimental
conditions, at least two isotherms conducted at two different temperatures are required to
estimate the energy of interaction of molecular hydrogen with a MOF by calculation of
isosteric heats of adsorption using either the Clausius–Clapeyron equation 94
Experimentally, the isosteric heat of adsorption is determined by numerical
analysis of two hydrogen isotherms performed at different temperatures (typically 77 and
87 K). The isotherm data are then processed (either via curve-fitting or interpolation) and
the isosteric heat of adsorption, Qst, is determined over a range of densities (n) through a
finite-difference approximation to the Clausius-Clapeyron equation:
Qst = k T2 (
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)n

or by a virial-type expression95 to fit hydrogen sorption isotherms data at the two
temperatures. Increasingly more common are hydrogen adsorption studies at higher
pressures (up to 100 bar)93 and higher temperatures (up to 298K).96 Some of the top
values attained for selected MOFs are demonstrated in Figure 1.27.

Figure 1.27. The H2 saturation uptake as wt% measured at 77K and 1 atm, and the
corresponding Qst values for selected MOFs. MOF-5,97,98 In-PmDC sod-ZMOF,99 CdPmDC sod-ZMOF, 99 rht-MOF,100 MOF-177, 96aMIL-10196a, 98, HKUST-1 MOF,96a,93
and soc-MOF.82

In addition to applications in gas sorption and/or separation due to the regular and
homogenously distributed cages and windows of MOFs, encapsulation of functional
guest molecules inside the voids of the framework have emerged as an interesting
property that can open doors for utilization of MOFs as platforms of applications tailored
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to a specific kind of chemical or physical process that is characteristic of the encapsulated
guest molecule.
Our group has utilized the large pores of the anionic rho-ZMOF (zeolite-like
metal−organic framework) to exchange encapsulated dimethylammonium counterions
(present in the as-synthesized MOF) with cationic acridine orange flourophore for
sensing applications.88 The framework posses α-cages similar to those in RHO-zeolite
but with far enlarged dimension (diameter of c.a. 18.2 Å) along with 8-member ring
windows (with c.a. 9 Å diameter) that allow access of acridine orange molecules to the
extra-large cavities, forging a ZMOF impregnated with a functional organic molecule that
could potentially be used as sensor. After ion-exchange of dimethylammonium with the
cationic acridine orange molecules, the favorable electrostatic interactions with the
framework preclude leaching of acridine guests from the cages of the rho-ZMOF. The
extra-large dimensions allow further diffusion of gaseous molecules or other neutral
small molecules chosen due to established acridine-guest interactions and thus the
impregnated framework acts as a solid support in the sensing process. Examples of such
neutral small molecules include methyl xanthenes or DNA nucleoside bases.
We have also explored the potential of encapsulating metalloporphyrins inside the
α-cages of rho-ZMOF generating a catalytically active heterogeneous catalyst, which
will be the focus of chapter 5.
The earliest investigation of catalytic activity of MOFs was conducted by Fujita et
al for the square-grid, 2D Cd(4,4 -bpy)2(NO3)2 MOF.134The authors investigated catalytic
activity of the framework towards cyanosilylation of aldehydes and demonstrated sizeand shape-selectivity for the catalytic activity of the MOF towards different substrates.
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In general, MOFs exhibit coordinatively-saturated metal ion sites, as nodes in the
framework, where in frequently encountered examples some of the coordination sites are
occupied by small solvent molecules. This carries the opportunity to forge a
coordinatively-unsaturated metal ion sites if the solvent molecules could be removed,
post synthetically, while maintaining the overall structural integrity of the MOF. Such
coordinatively-unsaturated metal ion sites could prove useful in Lewis acid catalytic
transformation. One example is found in the works of Kasel et al, where axiallycoordinated water molecules to the Cu-paddlewheel moieties of HKUST-1 MOF were
removed and the coordinatively-unsaturated Cu(II) metal ion sites catalyzed the
cyanosilylation of benzaldehyde or acetone.135
In an alternative strategy to generate catalytically-active, coordinativelyunsaturated, metal ion sites post synthetically in a MOF, a coordinatively-unsaturated
metal ions complexed by salen-type molecules could be utilized as struts in syntheses of
MOFs.136, 137 While salen complexes are known to exhibit catalytic activity towards
certain chemical transformation in homogenous catalysis, integrating such species into a
MOF provides the means for their utilization in heterogeneous catalysis.
Hupp et al. utilized a two-fold interpenetrated MOF with square-grid sheets made
of 4,4 -biphenyldicarboxylate-Zn paddlewheels pillared by (salen)Mn species.138 The
pillars in this MOF are (1,2-cyclohexanediamino-N,N-bis(3-tert-butyl-5-(4pyridyl)salicylidene)MnIIICl 139, 140 a modified analogue of Katsuki–Jacobsen epoxidation
catalysts, 141, 142 specifically decorated by pyridine moieties to enable their incorporation
as axial ligands to the Zn-paddlewheel clusters. The forged MOF demonstrated catalytic
olefin epoxidation and further revealed that the heterogeneous nature of the catalyst
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substantially increased its activity. It was also demonstrated that the catalytic MOF
possess size-selectivity towards substrates and was ascribed to the catalytic process
taking place mainly inside the voids of the MOF.
The available voids inside microporous MOFs stimulated the interest of
researchers to explore their potentials of encapsulating metal or metal oxide nanoparticles
that could subsequently prove useful in heterogeneous catalytic transformations 143
Kholdeeva et al 144 have demonstrated the successful electrostatically-driven
encapsulation of Co- and Ti-modified Keggin clusters inside the MIL-101 145 cavities,
catalyzing oxidation of

-pinene to the corresponding alcohol and ketone using hydrogen

peroxide or molecular oxygen as the oxidant

1.3.1

Porosity in Microporous Coordination Polymers
Porosity of a material is defined by IUPAC as “A concept related to texture,

referring to the pore space in a material” 101 Microporous materials are porous materials
with pore width not exceeding about 2.0 nm, mesoporous materials are characterized by
pore widths in the range of 2−50 nm, and macroporous materials with pore width
exceeding 50 nm 102. Permanent porosity of a microporous coordination polymer was
first reported by Eddaoudi et al in 1998.103 Yaghi and coworkers were first to report
MOF-5, a permanently porous coordination polymer, or metal−organic framework
(MOF), with pcu topology based on linear terephthalate linkers and octahedrallyconnected basic zinc acetate clusters. 104 The structural stability of the framework upon
guest removal was demonstrated both through gas sorption studies and single crystal X44

ray diffraction. Rapidly following their first report, the authors followed up with several
publications reporting design principles and practical applications of the novel class of
microporous MOFs. Those first reports kindled the scientific interest in the newly
devised materials that hold great potentials in various applications ranging from gas
storage and separation, enhanced heterogeneous catalysis, drug delivery, and CO2
sequestration.
Permanent porosity of coordination polymers can be demonstrated through gas
sorption techniques previously established for zeolites and porous carbon materials. After
proper activation of the solid adsorbate, most commonly through solvent exchange with
readily removable solvent, low boiling point and affinity to the framework, placement
under dynamic vacuum at relatively moderate temperatures ensures removal of guest
molecules. Surface area, pore size distribution, total adsorbent uptake, and isosteric heat
of adsorption can be determined from measurements of the gas isotherms. Prior to the
determination of an adsorption isotherm it is necessary to ensure proper activation of the
material. This is accomplished by outgassing, i.e. exposure of the surface to a high
vacuum, usually around room temperature or at elevated temperature mild enough not to
cause thermal decomposition of the framework, Figure 1.28. To obtain reproducible
isotherms, it is necessary to control the outgassing conditions which include temperature
program and outgassing time (depending on the nature of the adsorbate and efficiency of
guest removal by the adsorption system). Alternatively, flushing the adsorbate with the
adsorptive followed by heating under dynamic vacuum might prove useful in certain
cases.
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Figure 1.28. Crystal structure of the evacuated MOF-5.105 Zn (magenta), C (gray), O
(red), H (white).
According to IUPAC recommendation for practices in using gas sorption
techniques to assess permanent porosity of an adsorbent, the outgassing temperature may
be conveniently selected to lie within the range over which the thermal gravimetric curve
obtained in vacuo exhibits a minimum slope. However, in common practice, thermo
gravimetric analyses (TGA) are conducted under atmospheric pressure and thus it is
widely accepted to adjust the outgassing temperature to the onset of the platue in TGA
curve.
The majority of physisorption isotherms fall into the six types shown in Figure
1.29. The reversible Type I isotherm is characterized by a concave behavior with respect
to the P/P° axis, where P is the pressure of adsorbate at any given point and P° is the
saturation pressure of the adsorbate at the bath temperature where the experiment is
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conducted, approaching a limiting value as P/P° = 1. Type I isotherms are characteristic
of microporous solids where the external surface areas are negligible compared to the
surface areas inside the micropores of the material (e.g. activated carbons, molecular
sieve zeolites, certain porous oxides, and a wide variety of microporous MOFs), the
limiting uptake being governed by the accessible micropore volume rather than by the
internal surface area.
The reversible type II isotherm is the normal form of isotherm obtained with a
non-porous or macroporous adsorbent, reflecting unrestricted monolayer-multilayer
adsorption. Point B in the graph indicates the beginning of the almost linear middle
section of the isotherm, is often taken to indicate the stage at which monolayer coverage
is complete and multilayer adsorption about to begin.
The reversible type III isotherm is convex with respect to the P/P° axis over its
entire range and therefore does not exhibit the point B observed in type II isotherm.
Isotherms of this type are uncommon, but there are a number of systems (e .g. nitrogen
on polyethylene) which give isotherms with gradual curvature and an indistinct Point B
indicating adsorbate-adsorbate interactions playing an important role in the total uptake
of the material.
The distinct features of type IV isotherm appear in two regions of the isotherm. A
characteristic hysteresis loop is observed at relatively high P/P°, associated with capillary
condensation taking place in mesopores, and a limiting uptake near the end of the
isotherm. The initial part of the type IV isotherm is attributed to monolayer-multilayer
adsorption since it follows the same path as the corresponding part of a type II
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The Type VI isotherm is distinguished by multiple sharp steps that depend on the
system and the temperature where the measurement is conducted, reflecting a stepwise
multilayer adsorption on a uniform non-porous surface. The step-height represents the
monolayer capacity for each adsorbed layer and, in the simplest case, remains nearly
constant for two or three adsorbed layers. Isotherms obtained for argon or krypton on
graphitized carbon blacks conducted at liquid nitrogen temperature exhibit this type of
isotherms.106
1.4
1.4.1

Analytical Techniques in Chemistry of Metal–Organic Materials
Crystals and X-ray Diffraction.

The Oxford dictionary defines a crystal as “A form in which the molecules of
many simple elements and their natural compounds regularly aggregate by the operation
of molecular affinity: it has a definite internal structure, with the external form of a solid
enclosed by a number of symmetrically arranged plane faces, and varying in simplicity
from a cube to much more complex geometrical bodies”.
The “definite internal structure” of a crystal was not accessible until the
nineteenth century when modern X-ray crystallography unraveled the underlying atomic
and molecular structure of single crystals. The discovery of X-ray (where X stands for
unknown type of radiation, the term originally used by W. C. Röntgen in 1895) 107 led
Max von Laue to his discovery of X-ray diffraction by crystals, for which he received the
Nobel Prize in Physics for the year 1914. His idea was that the short wavelength of
electromagnetic radiation, provided by X-rays (now known to be in the range of 0.62099
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to 1.93998 Å, angstrom = 1x10-10 m), 108 would cause some kind of diffraction or
interference phenomena in such a medium where the wavelength of X-rays is on the
order of magnitude of the diffracting elements and that a crystal would provide such a
medium. He then successfully demonstrated the phenomenon of X-ray diffraction by
crystals and published his work in 1912 on the X-ray diffraction by zinc sulfide crystal.
Three years later, Sir William Henry Bragg and his son, Lawrence Bragg, shared the
Noble prize in physics for 1915 "for their services in the analysis of crystal structure by
means of X-rays". As Lawrence Bragg himself describes von Laue’s contribution: “When
we consider the advances in our knowledge of the structure of matter which have been
made by means of the von Laue effect, this discovery must surely be regarded as
occupying a unique position in the history of science” it is clear that X-ray diffraction,
even in its earliest days, contributed, and still, valuable information towards the
advancement of science in so many different aspects.
When Laue first examined the diffraction pattern of zinc sulfide, he noticed that
out of a large number of expected diffraction directions, only a certain number of these
appeared on the photographic plate he used to record the effect. Laue suggested that this
observation could be explained due to presence of certain wavelengths in the X-ray beam
which properly meet the conditions for diffraction. However, Lawrence Bragg elaborated
on this finding where he correctly considered that the elements of diffraction in the zinc
sulfide crystal (zinc and sulfur atoms) do not contribute equally to the diffraction of Xrays. In doing so, he directly, and correctly, linked the observed diffraction directions
with the atomic composition and arrangement in the crystal.
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Bragg’s treatment of the X-ray diffraction phenomenon originated from his
consideration of the crystal structure to be an arrangement of points (diffracting elements)
in parallel and equidistant planes. Upon encounter by X-rays, each diffracting element
scatters a wavelet of the incident radiation and as the diffracting elements are arranged in
planes the scattered wavelets combine in a reflected wave front, not any different from
Huygens’s principle for constructive interference. The Bragg’s relation between
wavelengths (λ) and the glancing angle (θ) of scattered radiation is then given by:
n λ = 2d sin(θ)
where d is the interplanar distance, n is an integer, and 2d sin(θ) is the path difference
between two wave fronts undergoing constructive interference.
While this does not yet explain why certain reflections were absent from
photographs of von Laue’s experiment, Bragg made the assumption that zinc sulfide
crystal was in fact face-centered cubic and not a simple cubic lattice. Bragg’s analysis
that “When the planes of such a lattice are arranged in the order of those most densely
packed with atoms, and so most effective for reflection, this order is rather different to
that for a simple cubic lattice” could perhaps be explained more when we consider the
reciprocal space treatment of Bragg’s diffraction.
Bragg’s diffraction occurs on the atomic crystal lattice, conserving the wave
energy and thus is called elastic scattering, where the reflected kf and incident ki wave
numbers are equal and just the direction changes by a reciprocal lattice vector Q = kf − ki
with the relation to the lattice spacing Q = 2π / d. The wave number is related to
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wavelength through the relation: k = 2π/ λ. The Bragg’s law of diffraction could thus be
re-written as:
Q = 4 π sin(θ) / λ
In Bragg’s own words “By assigning a face-centered cubic structure to zinc blend,
it seemed possible to explain satisfactorily the von Laue photograph as due to the
diffraction of white radiation with a maximum intensity in a certain part of the spectrum.
I made a further test of two simple cubic crystals, sodium chloride and potassium
chloride. While the von Laue photographs obtained with sodium chloride indicated a
face-centered lattice, those obtained with potassium chloride were of a simpler nature,
and were such as one would expect from an arrangement of points at the corners of
cubes. Since it seemed probable that these two crystals had a similar structure, I was led
to conjecture that the atoms were arranged in a manner where every corner of the cube is
occupied by an atom, whereas the atoms of one kind considered alone are arranged on a
face-centered lattice. In potassium chloride the atoms are so nearly equal in their weight
that they act as equivalent diffracting centers and the structure may be regarded as a
simple cubic one”109
X-ray Diffraction and Determination of Absolute Configuration: In many cases chiral
octahedral metal complexes are encountered, best represented by tris(chelates). For such
complexes the X-ray diffraction patterns of the two enantiomers are identical, precluding
determination of absolute configuration. However, absolute configuration of a single
isomer can be determined through anomalous dispersion of X-rays employing Bijvoet
statistical analysis, first introduced by J. M. Bijvoet in 1951 to solve the problem of
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determining absolute configuration of non-centrosymetric crystals utilizing X-ray
diffraction technique 110 The recent approach to the problem, described by H. D. Flack, is
commonly utilized in current literature and is the current official method to determine the
absolute configuration of chiral molecules through X-ray diffraction technique.111. In
Flack’s approach, a parameter known as the Flack parameter, calculated during crystal
structure refinement on all data, is calculated based on the following equation:

Where x is the Flack parameter, I is the square of the scaled observed structure factor and
F is the calculated structure factor.
As the atomic scattering factors contain imaginary parts, and due to the
anomalous X-ray dispersion effect, the Friedel pairs do not have exactly the same
amplitudes (i.e., the scattering intensity | F(hkl) | 2 from crystal plane (h k l) is not equal
to |F(− h − k − l)|2), thus allowing utilization of the above equation to determine Flack’s
parameter, x. As x being calculated for all data, where 1≥ x ≥0, the absolute configuration
of non-centrosymetric structure could be determined. If the value of x is near 0, with a
small standard uncertainty, the absolute structure given by the structure refinement is
likely correct, and if the value is near 1, then the inverted structure, described by F(− h −
k − l), is more likely correct. If the value is near 0.5, the crystal may be racemic or
twinned. As the technique depends heavily on difference between structure factors of
opposite planes, i.e. anomalous dispersion phenomena, presence of heavy atoms in the
structure, that exhibit appreciable anomalous dispersion phenomena in their atomic
scattering factors, is highly desirable to utilize this technique effectively.
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Alternative to Bijvoet analysis and Flack’s approach, to our field of
metal−organic materials, if the ligand molecule in a coordination complex contains a
chiral center of known absolute configuration the absolute configuration around the
coordinated metal atom in the complex could unequivocally be determined through
routine X-ray diffraction. Of the two possible enantiomeric structures obtained from
direct method solution, the one with correct configuration at the chiral center is to be
chosen to represent the true absolute configuration of the complex as a whole.

1.4.2

Isothermal Titration Calorimetry (ITC)
Isothermal titration calorimetry (ITC) is a thermodynamic technique that directly

measures the heat released or absorbed during bond formation or cleavage, respectively,
and thus could be utilized to probe binding process. To our interest, this technique is
applicable to probe binding processes in host-guest complexation, self–assembly, ionpairing, and solvophobic aggregation of supermolecules.
As a binding process will involve bonds cleavage (in reactants) and formation (in
products), heat is either generated or absorbed throughout this process, and it is through a
single ITC experiment that several parameters of a binding process could be
simultaneously determined. Those include reaction stoichiometry (n), association
constant (K), as well as changes in enthalpy (∆H) and entropy (∆S) upon binding.
In the case of self–assembly of supermolecules, by default is a spontaneous
process under ambient conditions, generation of more ordered forms from smaller
disordered building blocks might misleadingly imply an overall decrease in the system’s
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entropy. However, close inspection of the reaction systems, where the vast majority is
conducted in solution, reveals that overall increase in entropy is imparted to the system,
as a whole, due to desolvation of the building blocks, liberating even larger number of
small solvent molecules as compared to the number of building blocks, with more
degrees of freedom. In convex supermolecules, especially those enclosing spherical
voids, a total decrease in surface area of the supermolecule, compared to the sum of
surface areas of its building blocks, results in decreased number of surrounding solvent
molecules as compared to the total number of solvent molecules solvating corresponding
molecular building blocks. Therefore, it is rational to assume an overall increase in
entropy of the system in constructing self–assembled supermolecules. In the case of self–
assembled metal–organic supermolecules, the stronger affinity of organic linkers, as
compared to solvent molecules, towards coordinating metal ions result in negative
enthalpy change, hence the overall process is exothermic.
In a typical ITC experiment, portions of a know concentration solution of a titrant
(one of the reacting species, e.g. ligand or guest species) is titrated from a microliter
syringe into a solution of known concentration of its binding species (metal ion, or a host
supermolecule, etc.). Upon injecting aliquots of several microliters from the titration
syringe, the association of the binding partners produces a neat heat change that raises (or
lowers) the temperature in the sample cell relative to a reference cell. The deflection of
temperature is counteracted by a feedback regulator that adjusts the electrical power
going into a heater in the titration cell to maintain identical temperatures in both cells.
The change in the respective feedback current is the primary signal observed and
corresponds to a heat pulse (heat production or consumption over time). Integration with
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respect to time gives the energy that was released (or absorbed) upon injecting the known
amount of the titrant into the sample cell. If a series of injections is made, the compound
in the cell is progressively converted to the supermolecular complex leading to
diminishing heat effects as the association approaches completion. As the system reaches
saturation, the heat signal diminishes until only heats of dilution are observed. A binding
curve is then obtained from a plot of the heats from each injection against the ratio of
titrand to titrate in the cell. The binding curve is analyzed with the appropriate binding
model to determine K, n, ∆H and ∆S.
For an exothermic process, the ITC plot expresses downward directed pulses
indicating the diminution of the feedback current necessary to keep a zero temperature
difference to the reference cell, as the temperature difference is compensated by the heat
released from the exothermic process. The integration of the heat pulses when plotted
versus the nominal molar ratio of the injected titrant over titrand furnishes a titration
curve that exhibits a characteristic sigmoidal shape. Specialized software calculations are
automated in modern calorimeters that utilize nonlinear curve fitting algorithms to find
the most probable parameters describing the association process with regard to the
specifications of the instrument. Although this technique is widely employed in
supramolecular host–guest chemistry,113-120 it has only been utilized recently, by
Raymond et al, to probe the thermodynamics of guest binding of a highly charged metal–
organic polyhedron as a supermolecular host in aqueous solution.121 The authors utilized
ITC to probe the binding process of NEt4+ to a negatively charged metal–organic
tetrahedron of composition [Ga4L6]12- obtained through self- assembly of four Ga (III)
metal ions and six tetra-deprotonated ligand ions.
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Figure 1.30. The left panel schematically depicts the instrumental setup of a power
compensation calorimeter. Both cells are completely filled, the reference cell with pure
solvent, the sample cell with a solution of one of the host–guest partners (e.g. the host).
On addition of microliter aliquots of the guest solution delivered from the computerdriven syringe a heat effect occurs that is counter-regulated by the cell feedback current
to maintain ∆T at zero. The right panel illustrates the data output consisting in a number
of heat pulses that decrease in magnitude following the progressive saturation of the host
binding site by the incremental addition of the guest species.112 Copyright Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission.

In their ITC study, the overall 12- charges on the supermolecule were counterbalanced by
potassium ions and an aqueous solution of NEt4Cl salt was used as the titrant, a source of
NEt4+ ions. The authors reported an interesting different thermodynamics for NEt4+
binding by the anionic supermolecules. One of the NEt4+ ions is encapsulated inside the
void of the supermolecular tetrahedron, substituting encapsulated solvent molecules and
thus is entropically-driven process, while another 11 NEt4+ ions binds to the surface of
the anionic supermolecule, replacing potassium ions, in an enthalpy-driven process to
neutralize the negative charges of the supermolecule, Figure 1.31.

57

Figure 1.31. (Top) schematic equilibria for internal (Kint) and external (Kext) NEt4+ guest
binding with 1. The symbol  ؿdenotes encapsulation. (Bottom) ITC data for the addition
of a 90 mM solution of NEt4+ into a 1 mM solution of 1. Inset: total heat vs equiv of
NEt4+. Reprinted with permission from 121. Copyright 2010 American Chemical Society.

1.4.3

Mass Spectrometry
The two commonly employed structural characterization techniques of self–

assembled metal–organic supermolecules, where organic linkers and metal ions are held
together through reversible coordination bonds, are NMR spectroscopy and single crystal
X-ray diffraction. However, some limitations occur to those techniques as in some
examples the metal–organic supermolecules contain paramagnetic metal ions where
NMR spectroscopy can provide only limited structural information, and in other
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examples it is difficult to grow single crystals of the supermolecules with sufficient
quality for structural determination through X-ray crystallography. The latter is
commonly encountered especially for fairly large supermolecules where the decreased
solubility of the supermolecular construct results in rapid precipitation from the reaction
solution precluding proper crystallization. Therefore, mass spectrometry emerges as a
substituent or a complimentary technique to the aforementioned ones for structural
determination of metal–organic supermolecules.
One aspect of mass spectrometry that is potentially to limit its application towards
structural characterization of metal–organic supermolecules and thus requires careful
consideration is intrinsic to the nature of ionization process. Several ionization techniques
exist for mass spectrometry that range from hard ionization techniques like electron
impact (EI), to relatively hard fast atom bombardment (FAB), relatively soft chemical
ionization (CI) and electrospray ionization (ESI), to the soft matrix-assisted laser
desorption ionization (MALDI), and the most recently introduced coldspray ionization
(CSI) technique. Due to the nature of relatively weak intermolecular interactions
(coordination bonds) that sustain the structural integrity of metal–organic
supermolecules, a suitable soft ionization source is required in order to avoid
considerable molecular ion fragmentation and thus for detection of the molecular ion in
the mass analyzer. 122-125 Yamaguchi and co-workers126 were first to develop the CSI
technique, Figure 1.32, which demonstrated superior efficiency as compared to other
commercially available ionization sources towards generation of molecular ions of
metal–organic supermolecules. This ionization source, while still not widely employed,
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holds the potential to enable routine utilization of mass spectrometry technique in
structural characterization of metal–organic supermolecules, Figure 1.33.

Figure 1.32. Schematic diagram of the coldspray ion source (CSI) by Yamaguchi et al.

Reprinted from 126 Copyright (2000), with permission from Elsevier.

Figure 1.33. Spectral comparison of compound 1a between (A) CSI and (B) ESI. Reprinted

from 126 Copyright (2000), with permission from Elsevier.
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1.4.4

Solution Nuclear Magnetic Resonance (NMR) Spectroscopy
Nuclear magnetic resonance spectroscopy is a valuable and widely utilized

technique for structural characterization of solid, liquid, and solution samples. Our focus
is directed towards structural characterization of supermolecules, in general, and
metal−organic polyhedra, in particular, in solutions, utilizing NMR spectroscopy.
Certain characteristics of interest when utilizing solution NMR spectroscopy for
structural characterization of supermolecules include changes in chemical shifts,
internuclear spin couplings for certain signals, and changes in dimensions of the
dissolved species, due to complexation or aggregation. Changes in chemical shifts or
signal splitting patterns could convey great deal of information about the nature of
species present in solution and thus facilitate structural determination of the dissolved
supermolecules. On another end, changes in molecular dimensions, best reflected in
measurable changes in diffusion coefficients, could be utilized to probe the progress of
the supermolecular assembly process as the reaction reaches equilibrium towards
product(s) formation.
The hybrid composition of metal−organic polyhedra provides both the
opportunity and the challenge for structural characterization in solution utilizing NMR
spectroscopy. It is due to metal ion coordination that measurable changes in chemical
shifts of the organic linker, relative to its uncoordinated state, could be utilized to signify
complexation to the metal ion and in certain cases adequate information sufficient for
structural characterization by this technique is obtained.127 However, in cases where the
coordinated metal ion is a paramagnetic species, rapid spin-lattice relaxation induces
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considerable peak broadening that renders any reliable structural characterization
difficult, if unattainable. However, this very same effect could be utilized to indicate
binding of the linker molecules to the paramagnetic metal ion species.128
Another solution NMR technique that could probe the size of the supermolecular
construct relies on measurements of diffusion coefficient utilizing magnetic field
gradients can be used to indirectly label the position of spins through their Larmor
frequency. Cohen et al 129 have reviewed the underlying principles for diffusion
measurement by NMR spectroscopy and its recent utilization in the field of
supramolecular chemistry. Stang and coworkers 130 utilized pulsed gradient spin-echo
(PGSE) NMR technique 131to measure the self-diffusion coefficient of several of their
self-assembled metal organic polyhedra. In one example, the measured diffusion
coefficient, of (1.8±0.05 exp-6 cm2 s-1 and 1.32± 0.06 exp-6 cm2 s-1) at 25 °C for
compounds 6 and 7, respectively, in Figure 1.34 allowed the authors to calculate
hydrodynamic diameters of 5.2 nm and 7.5 nm for the self-assembled metal-organic
cuboctahedra.130
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Figure 1.34. Self-assembly of two cuboctahedron supermolecules. Reprinted with
permission from 130. Copyright 1999 American Chemical Society.
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Chapter 2: Imidazole-bBased Ligand-Directed Self-assembly

2.1

Introduction
As described in chapter 1, roles played by the organic linker in construction of

pre-designed MOFs are crucial towards dictating the overall topology and imparting
chemical and physical stability to the targeted construct. To this end, considerable
emphasis is directed towards designing and synthesizing ligands that will serve the
aforementioned goals. Two essential elements need to be equally considered in designing
appropriate organic linkers. The first is concerned with the spatial relative disposition of
the coordination sites provided by the organic linker, where simple classification of
ligand molecules into linear, angular, planar triangular, or other regular shaped polygon is
visualized by considering the relative positions of the coordination sites provided by the
ligand. The second, equally important, factor to consider is the chemical nature of the
linker; the type and number of hetero atoms capable of coordination and/or chelation of
metal ions, ionization state on the ionized ligand. As it is described in the previous
chapter, organic linkers that fall into the broad families of pyridines, azoles, and
carboxylic acids are most suited for construction of MOFs, each family of compounds
with its own potentials towards accessible topologies, structural stability, overall charge
of the MOF, etc.
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2.1.1

Ligand Molecules for Zeolite-like MOFs (ZMOFs)
Our interest in this chapter is devoted to organic linkers that can mimic the

bridging angle provided by O2- in zeolites. In principle, substituting the atomic oxide ion
by a molecular linker can potentially allow for construction of MOFs with zeolitic
topologies (i.e. zeolite-like MOFs referred to as ZMOFs), very desirable materials due to
the expanded cages and channels in the targeted construct compare to those present in
their inorganic counterparts. This particular structural feature of ZMOFs stems as a direct
result of expanding the scale of the linker from an atomic (oxide ion) to molecular level
(organic linker), a strategy known as edge-expansion, Figure 2.1. Turning back to the
second part of the targeted ZMOF, the metal ion, it appeared more feasible, at least
synthetically, to adopt the single-metal-ion MBB approach where the coordination
number and geometry around single metal ion centers are fairly predictable. The
combination of the above requirements set for construction of single-metal-ion based
MOFs with zeolitic topologies resulted in identification of the key elements to be
provided by the organic linker. Those are, a di-topic linker with a bridging angle of
~145°, with readily ionisable functional groups to form an anionic linker with some

(a)

(b)

(c)

Figure 2.1. (a) Oxide ion bridging tetrahedrally-coordinated Si(IV) ions in zeolites, (b)
pyridine molecule, and (c) imidazolate ion bridging two tetrahedrally-coordinated metal
ions in MOFs with zeolite-like topologies. O (red), Si (yellow), N (blue), C (gray), metal
ion (green), H (white).
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degree of control over the charge on the ionized linker to compensate for the cationic
nature of the metal ions to construct neutral or anionic ZMOFs. Also, preferably a
chelating ligand is to be utilized to impart rigidity, physical and chemical stability and, in
turn, permanent porosity to the ZMOF.
2.1.2

Geometry and Rigidity
Per the discussion above, targeting ZMOFs through single-metal-ion MBB

approach requires a specific type of organic linker capable of bridging two coordinated
metal ions at ~145° angle and preferably with chelating ability to impart structural
rigidity. Imidazole or pyrimidine-like molecules can fulfill the linker requirements
necessary to accomplish this goal. In those molecules, the nitrogen atoms, as donors in
coordination bonds, will direct the connectivity of the MBBs. With special interest are
molecules that have imidazole ring as the core structure and functionalized at the αposition, relative to nitrogen, by ionisable and/or coordinating functionality that serve the
role needed by a negatively-charged species to mimic the charge on oxide ions in zeolites
and/or to result in robust structures due to chelation effect. Our group has successfully
utilized 1H-imidazole-4,5-dicarboxylic acid as the organic linker to construct three
ZMOFs, namely sod-, rho-, and usf-ZMOFs (discussed more in details in chapter 5). The
focus in this chapter is to synthesize organic molecules that are derivatives of imidazole
bearing various functional groups at the α-position, relative to imidazole nitrogen(s),
aiming to construct novel ZMOFs in analogy to the approach utilized with 1H-imidazole4,5-dicarboxylic acid.
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2.1.3

Imidazole Ring in Coordination Polymers
A characteristic feature of imidazole ring that upon coordination to a metal ion by

the pyridine-type, sp2-hybridized nitrogen the pKa of the other, SP3-hybridized nitrogen
is decreased considerably, allowing deprotonation of the metal-coordinated imidazole
ring at relatively moderate solution pH (values differ depending on the type and valency
of coordinated metal ion).1 Therefore, coordination polymers from bridging di-topic
imidazolate could be attained at moderate synthetic conditions; with particular interest
are solvothermal syntheses, commonly encountered in synthesis of MOFs. Accordingly,
it is frequently described in current literature that solutions of metal ions and imidazole,
under specific solvent and temperature conditions, react to result in a variety of
coordination polymers with, 1D (infinite chains), 2D (infinite layers), and 3D (extended
networks) structures, depending on the synthesis conditions, Figure 2.2. These conditions
include, stoichiometry of reactants, nature of solvent(s), metal ion(s), temperature, pH,
and/or presence of templating species. In one particular example, the rho-ZMOF,2 it was
necessary to employ a 2:1 ratio of the 1H-imidazoledicarboxylic acid to In(NO3)3, in a
mixture of N,N`-dimethylformamide and acetonitrile as solvents and to heat the reaction
mixture at 115°C for 24 h to construct the desired product. This example demonstrates
the complexity of the reaction conditions that need to be carefully addressed and thus
emphasizing that simply designing the appropriate organic linker is the first but not the
only step towards a successful synthesis.
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Figure 2.2. (Top) infinite chains of Hg(II)-imidazolate3 nitrate, (bottom left) infinite
square layers of Ni(II) imidazolate,4 and (bottom right) infinite network of Zn(II)imidazolate.5 Hg (orange), Ni (magenta), Zn (green), C (gray), N (blue), O (red), H
(white), encapsulated solvent molecules in the Zn(II)-imidazolate omitted for clarity.
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2.2
2.2.1

Results and Discussion
Imidazole-Based Organic Linkers
2-diazo-2H-imidazole-4,5-dicarbonitrile, (2.1). The 1H-imidazole-4,5-

dicarboxylic acid is an efficient linker utilized successfully in our group to construct
zeolite-like metal−organic frameworks (ZMOFs) but with common encounters of
formation of the metal−organic cubes (MOCs), Figure 1.2. One route to favor
construction of ZMOFs over the MOCs was thought to be achievable through
functionalization of the position-2 on the imidazole ring of 1H-imidazole-4,5dicarboxylic acid with relatively bulky group compared to hydrogen atom, thus
introducing steric hindrance that would prevent formation of the MOCs and, in turn,
provide better chances to attain targeted ZMOFs, Figure 2.2. Additionally, functionalized
versions of the prototypal 1H-imidazole-4,5-dicarboxylic acid linker can prove useful in
construction of isoreticular ZMOFs with different functional groups pointing inside the
large cavities and windows of the framework and could potentially impart other chemical

Figure 2.1. 1H-Imidazole-4,5-dicarboxylic acid (middle) and the two major products
attained through utilization in solvothermal reactions with In(III) ions, the metal-organic
cube (left) and one of the zeolitic frameworks, the rho-ZMOF (right). In (green), N
(blue), O (red), C (gray), H (white).
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Figure 2.2. The first pathway explored for synthesis of 1H-2-chloro- and 1H-2-bromoimidazole-4,5-dicarboxylic acid.
and/or physical properties inaccessible through the prototypal, non-functionalized
linker.The isolated product (2.1), Figure 2.3, resulted from deprotonation of the
intermediate diazonium salt of 2-amino-imidazole-4,5-dicarbonitrile employed in a
Sandmeyer synthesis of aromatic halides. The first step in Sandmayer reaction requires
formation of diazonium salt as an intermediate through diazotization reaction which
subsequently is reacted with CuCl or CuBr to forge the aromatic halide. The acid used in
this synthesis (HBF4), tetrafluoro hydrogen borate, utilized due to the weak nucleophilic
nature of the tetrafluoro borates counterions to stabilize the intermediate diazonium salt
for the subsequent radiacal-nucleophilic substitution in Sandmayer reaction apparently
induced deprotonation of the imidazole ring to result in the charge-neutral compound
(2.1). This compound was found to be extremely sensitive to heat and shock and
presented hazarads for explosion so the shift was made to othe mineral acids instead of
HBF4. Trials with HCl acid were successful in attaining the targeted 2-bromo-imidazole4,5-dicarbonitrile but with great difficulty in purifying the end product from Cu(I/II)
salts. Due to the observed product of the diazotization reaction (2.1), the focus was
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shifted towards an alternative procedure to attain 1H-2-bromoimidazole-4,5dicarbonitrile and will be presented in compound (2.2a).

Figure 2.3. Crystal structure of 2-diazo-2H-imidazole-4,5-dicarbonitrile, (2.1).

2-Bromo-1H-imidazole-4,5-dicarbonitrile, (2.2). As mentioned previously for
compound (2.1) the intended functionalization of the imidazole ring of 1H-imidazole-4,5dicarboxylic acid at the 2-position through replacement of hydrogen by a different atom
or functional group (e.g., Cl, Br, NO2) is expected to impart functionality of the to-beconstructed ZMOFs, either isostructural with previously obtained ones or altogether with
novel zeolitic topologies. In addition, due to steric hindrance formation of the frequently
encountered metal-organic cube could be avoided, an element of design that would result
in enhanced control over the desired product. Initial attempts in our group to probe the
viability of this approach included experimenting with 2-chloro-1H-imidazole, 2-bromo1H-imidazole, and 2-nitro-1H-imidazole as the organic linker providing the appropriate
bridging angle of (~145°) with Zn(II) ions as the tetrahedrally-coordinated metal ion were
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successful in construction three isostructural ZMOFs with sod-topology, the crystal
structures of those materials were also published by Yaghi et al 8, where their group is
focused more on zeolitic materials based on imidazole linkers. Those three frameworks
gave us a strong indication that applying the same design principle towards 1Himidazole-4,5-dicarboxylic acid could potentially allow access to our targeted ZMOFs.
Despite several experimental trials with 2-bromo-5-cyano-3H-imidazole-4-carboxamide
(2.2a) as the linker and In(III) metal ions as the dodecahedrally-coordinated nodes, such
trials always resulted in clear solutions with no crystalline materials. Two factors might
account for such observations. First is that a di-carboxylic acid version of this linker is
required as starting material for a successful synthesis. However, it has been frequently
observed in the works of our group

Figure 2.4. Crystal structure of 2-bromo-1H-imidazole-4,5-dicarbonitrile (2.2a), left, and
2-bromo-5-cyano-3H-imidazole-4-carboxylic acid (2.2b), right. Br (brown), N (blue), O
(red), C (gray), H (white).
that nitrile functionalities are readily hydrolyzed, in situ, along the reaction progress to
forge the carboxylic acid functionality. 9Alternatively, steric hindrance as a result of steric
interactions between bromide atoms from four different ligand molecules might prevent
formation of the four member ring constructed from four metal ions bridged through
ditopic linkers in a square-like arrangement, a commonly observed structural feature in a
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large number of zeolites and commonly referred to as 4-rings secondary building units
(SBUs), Figure 2.5. While this effect might prevent formation of ZMOFs containing the
4-ring SBUs, it could potentially result in formation of ZMOFs with novel topologies
characterized by absence of the 4-ring SBUs. The question remains to be answered
through more experimental investigations that will span a wide range of reaction
temperatures, solvents and, with special interest, structure directing agents.

Figure 2.5. (Left) the 4-ring SBU in RHO-zeolite and that in rho-ZMOF (H•••H
distances of 4.19 and 4.93 Å). Si(yellow), In(green), O(red), N(blue), C(gray), H(white).

1H-benzimidazole-4,7-diol hydrogen bromide, (2.3c). Synthesis of 1Hbenzoimidazole-4,7-diol was pursued due to the expected coordination mode of
imidazole coupled to a possible chelation by the phenolic oxygen atoms. The phenolic
hydroxyl groups in 1H-benzoimidazole-4,7-diol are anticipated to undergo in situ
deprotonation under mild reaction conditions. Deprotonation of such hydroxyl groups can
provide coordination sites towards metal ions, analogous to those present in numerous
examples involving phenolate-based linkers in the Cambridge Structural Database (CSD).
This molecule bears good structural and functional similarity to 1H-imidazole-4,5dicarboxylic acid in terms of the core imidazole ring and presence of ionizable hetero
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(a)

(b)

(c)
Figure 2.6. Crystal structures of (a) 1,4-dimethoxy-2,3-dinitro-benzene, (b) 4,7dimethoxy-1H-benzoimidazole, and (c) 1H-benzoimidazole-4,7-diol hydrogen bromide
monohydrate (2.3c). Br (brown), N (blue), O (red), C (gray), H (white).
atom capable of metal chelation at the α-positions of the imidazole linker. Moreover, the
chemical similarity to hydroquinone might contribute to impart similar redox properties.
The efforts continue trying to obtain crystalline materials with this linker although
numerous trials under widely different experimental conditions were not met with
success in isolating crystalline product where in most majority of the cases clear solutions
were obtained. To the best of our knowledge, this particular ligand is still unexplored in
any published works, as a linker in construction of coordination polymers.
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1H-Imidazole-4-carbaldehyde, (2.4). The rationale behind utilization of this
molecule is to acess ZMOFs based on octahedrally-coordinated metal ions due to their
ubiquity in transition metal complexes. In order to construct ZMOFs based on
octahedrally-coordinated metal ions, where the metal ion serves the role of tetrahedral
node considering its connectivity to the immediate neighbours through bridging ligands,
two of the coordination sites around the metal ions should be satisfied with capping
ligands. It is the role of the aldehyde functionality at only one side of the imidazole ring
in (2.4) to provide this requirement, Figure 2.7 demonstrates this design principle.
O

HN

N

Figure 2.7. 1H-Imidazole-4-carbaldehyde, (2.4)

Imidazolato-4-carboxaldehyde-Mn(I) molecular square, (2.5). This tetranuclear complex with organic linker that retains the core imidazole ring while
functionalized in the 4(5)-position by carboxaldehyde as a hetero-nucleous coordination
bond donor demonstrates perfectly the design principle sought in major parts of this
chapter. As intended for octahedrally-coordinated metal ions, to act as tetrahedral (or 4connected nodes) while simultaneously satisfying coordination number of 6, through
utilizing an imidazole derivative that provides chelation site on one side of the molecule
and an aromatic, mono-dentate, N-atom on the other side of the ligand. This type of
organic linkers is expected to construct novel solid state materials with zeolitic topologies
provided that the perfect combination of design principles and experimental conditions
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are met. In the structure of (2.5) molecular squares, which represent a frequently
encountered secondary building units in zeolitic topologies, are constructed. Although the
capping carbonyl ligands prevent further extension of the metal−organic complex into
extended framework, one of the basic building units targeted in construction of ZMOFs,
namely the 4-member ring, is obtained.

Figure 2.8. Crystal structure of (2.5) showing one molecular square (left) and the ABA
packing in the molecular solid (right). Mn (magenta), N (blue), O (red), C (gray), H
(white).

4,5,4'',5''-Tetrahydro-1H,1'H,1''H-[2,4';5',2'']terimidazole, (2.6). Compound (2.6)

is designed to afford a chemically-modified analogue of 1H-imidazole-4,5-dicarboxylic
acid, where chelation of metal ions occurs due to presence of nitrogen (in this compound)
instead of oxygen atoms in 1H-imidazole-4,5-dicarboxylic acid. Although, retaining the
core imidazole ring, this compound does not have additional acidic protons capable of
facile deprotonation as the imidazoline functionality has a basic nature instead of the
acidic nature of carboxylic acid functionality. Therefore, the expected overall charge of
the to-be-constructed ZMOF will be cationic as the most commonly employed metal ions
are multi-valent (mostly in I or II oxidation states). This characteristic of this compound,
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and closely related ones, will require careful design of the reaction conditions, in
particular working with metal salts of weakly coordinating counterions, to avoid
competitive coordination to the metal ion centers. Moreover, to construct ZMOFs based
on the single-metal-ion MBB approach, utilizing this linker, dodecahedrally-coordinated
metal ions are required.

NH N
N

NH
N

NH

4,5,4'',5''-Tetrahydro-1H,1'H,1''H-[2,4';5',2'']terimidazole (2.6)

2,2'-(1H-imidazole-4,5-diyl)di-1,4,5,6-tetrahydropyrimidine, (2.7). Compound
(2.7) was constructed to meet the same design principles behind the synthesis of (2.6),
however with 6-member ring imidazolines instead of 5-member ring ones. The expansion
of the imidazoline ring size was sought for two particular reasons, to increase the biteangle and to impart more hydrophobic nature to the linker. Those two requirements result
as a direct consequence of increasing the ring size of the imidazoline through addition of
one methylene group. Indeed, where several trials to construct a MOF with (2.6) were not
met with success, utilization of compound (2.7) as the organic linker resulted in several
metal−organic materials (1D chains, 2D molecular squares, and 0D MOCs) that will be
discussed in greater details in chapter 3.
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2,2'-(1H-imidazole-4,5-diyl)di-1,4,5,6-tetrahydropyrimidine (2.7)
2,2'-(1H-imidazole-4,5-diyl)di(1,4,5,6-tetrahydropyrimidin-5-ol), (2.8).
Compound (2.8) is a functionalized derivative of compound (2.7) with pendant secondary
alcohol functional group. Due to the successful attempts to construct metal−organic
materials with compound (2.7), it was desirable to explore the potential of constructing
functionalized isostructural materials through functionalization of the organic linker.
However, several attempts to construct coordination polymers utilizing compound (2.8)
were not met with success. One possible explanation is the chemical interference from
the hydroxyl group with the, all-nitrogen, coordination bond donor atoms in (2.8).
Throughout all the experimental attempts with this linker, no crystalline materials were
obtained, where either a clear solution or amorphous precipitate results under a wide
variety of experimental conditions that involve nature of metal ions, counterions,
solvents, and reaction temperatures. This example indicates the delicate balance that has
to be maintained when designing organic linkers seeking desirable products.
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Figure 2.9.Crystal structure of 2,2'-(1H-imidazole-4,5-diyl)di(1,4,5,6-tetrahydro
pyrimidin-5-ol), (2.8). Imidazole and amidine N–H hydrogen atoms are geometrically
disorderd between two positions with equal occupancy. C (gray), N (blue), O (red), H
(white).

2-(3H-Imidazol-4-yl)-1,4,5,6-tetrahydro-pyrimidine, (2.9). The experimental
findings from investigations utilizing compound (2.7) were the driving forces behind the
design and synthesis of compound (2.9). As it was apparent from trials with (2.7) that
complexes of octahedrally-coordinated metal ions (especially metal ions chelated by
three ditopic bis-bidentate linkers) are readily accessible, and the requirement of four
ligand molecules around single metal ion to construct ZMOFs, compound (2.9) was
designed to meet those criteria. Compound (2.9) retains the core imidazole ring and the
ability to chelate metal ions but only on one side of the molecule. In the conceptual
design, coordination of octahedrally-coordinated metal ions in the M-L2L`2 (L = chelating
ligand and L` = monodentate ligand) configuration can potentially lead to successful
construction of ZMOFs based on octahedral single-metal-ion approach. However, several
attempts to isolate crystalline material with this linker were not successful where in most
of the cases clear solutions were obtained. However, these observations might indicate
formation of solvated mono or poly-nuclear complexes that were not driven towards
formation of polymerized product. Further experimentation with this linker is certainly
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merit the effort and it is equally important to probe the nature of species present in the
resulted clear solutions, most probably utilizing solution NMR spectroscopy will provide
some answers and insights that would be helpful to guide future experiments.

NH
N
HN

N

2-(3H-Imidazol-4-yl)-1,4,5,6-tetrahydro-pyrimidine (2.9)
1H,3'H-[5,5']Bibenzoimidazole, (2.10). In compound (2.10), two
benzoimidazole rings are covalently linked to provide unexplored area of covalentlylinked imidazole rings with some rotation flexibility in the linker. In this molecule we
target ZMOFs from tetrahedrally-coordinated metal ions, in contrast to dodecahedrallyor octahedrally-coordinated metal ions in the above sections. While it is established that
zeolitic MOFs can be constructed from benzoimidazole and tetrahedrally-coordinated
metal ions 8, to the best of our knowledge no previous attempts were directed to exploring
the potential of covalently linked benzoimidazole. Several experimental attempts to
isolate crystalline material utilizing this novel linker were not met with success and only
amorphous solid precipitates were obtained. Although it is quite possible that appropriate
experimental conditions were not met in order to construct crystalline coordination
polymers utilizing this molecule, it is probable that the geometric disposition of the two
imidazole rings in this molecule is not suitable for construction of targeted coordination
polymers.
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Figure 2.10. Crystal structure of 1H,3'H-[5,5']bibenzoimidazole, (2.10). C (gray), N
(blue), O (red), H (white).

N,N'-Bis-(1H-imidazol-4-ylmethylene)-propane-1,3-diamine, (2.11). The
primary design principle behind compound (2.11) was to synthesize an imidazole based
linker that contains one heteroatom (nitrogen in this case) at the α-position to one of the
imidazole ring’s nitrogen. This is primarily due to our efforts to access ZMOFs from
octahedrally-coordinated metal ions using the single-metal-ion MBB (chapter 1), where it
is obvious that four ditopic, bis-bidentate imidazole linkers will only support
dodecahedrally-coordinated metal ions and thus it is not highly possible to utilize the vast
number of octahedrally-coordinated metal ions as MBBs utilizing such ligand molecules.
Therefore, an imidazole-based linker that contains only one chelation site was targeted, as
four of such molecule can coordinate to a metal ion where two molecules provide
chelation (thus satisfying four coordination sites) and another two molecule coordinate as
mono-dentate imidazole (providing the additional two coordination sites) to satisfy the
octahedral coordination number around the metal ion and maintain the specific bridging
angle between two MBBs provided by the imidazole ring. Additionally, the alkyl bridge
linking two such linkers was introduced to control the geometry (and size) of the
coordination pocket around the metal ion. This is a desirable characteristic in this
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molecule as the length and nature of the bridge could easily be tuned to adapt to different
coordination radii of different metal ions. As to the stability of the imine bonds in this
type of molecules against hydrolysis under the solvothermal conditions employed
frequently in our syntheses of MOFs, it is commonly accepted 1b that metal chelation
helps to stabilize the imine bond and additionally we were able to isolate metal
complexes with this ligand, further proving the feasibility of this approach (compounds
2.12 and 2.13).

N

N

N

N

HN

NH

N,N'-Bis-(1H-imidazol-4-ylmethylene)-propane-1,3-diamine (2.11)
N,N'-Bis-(1H-imidazolyl-4-ylmethylene)-propane-1,3-diamine manganese
chloride, (2.12). The discrete, mono-nuclear complex of Mn(II) in (2.12) demonstrates a
5-coordinated Mn ion in square-pyramidal geometry with the Mn ion out-of-plane with
respect to the organic linker. This complex represents the delicate balance to be
maintained between the geometry of the linker and the coordination radii of the metal ion
to be chelated by the linker. Due to the relatively longer coordination bond length of
N−Mn(II) (~2.24Å) compared to that of N−Mn(III) (~1.96Å), (CSD 5.30 edition updated in
May 2009), it is suggested that the out-of-plane movement of coordinated Mn(II) ions in

this example is a result of the oxidation state of the metal ion. This configuration is not
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suitable for construction of intended ZMOFs through coordination of the metal ion to
three ligand molecules; two of which are monodentate N-donor imidazolates occupying
the two apical positions of the coordinated metal ion. The next example, compound
(2.13) further demonstrates and supports this conclusion.

Figure 2.11. Crystal structure of (2.12), the site occupancy factor for imidazole hydrogen
is (0.5) resulting in mono-deprotonated ligand with acidic hydrogen equally displaced
between two neighboring complexes due to strong intermolecular hydrogen bond
interactions.Mn (magenta), Cl (green), C (gray), N (blue), O (red), H (white).

Catena-N,N'-Bis-(1H-imidazolyl-4-ylmethylene)-propane-1,3-diamine
manganese (ii) nitrate, (2.13). Under similar reaction conditions of those employed for
compound (2.12), with the only difference is the weak nucleophilic nature of nitrate
counterion utilized in (2.13), the discrete mono-nuclear complex (2.12) was able to
extend into 1D zigzag chain through coordination of the mono-dentate, imidazolate part
of a neighboring complex. The mono-dentate, imidazolate in this case replaces the
capping chloride ion in compound (2.12), apparently due to the weaker nucleophilic
nitrate counterion present in the reaction mixture of (2.13). However, the structure was
not able to extend into a network most probably due to the out-of-plane placement of the
Mn(II) ions preventing further coordination to a second mono-dentate, imidazolate part.
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Figure 2.12. (Left) zigzagg-chains in the
F
t crystal sttructure of (22.13). (Rightt) fragment of
o
thhe crystal strructure magnnified to visuualize the cooordination of
o Mn(II) by two ligandss, one
iss axial, mono
o-dentate im
midazolate. Mn
M (magentaa), C (gray), N (blue), O (red), H (whhite).

N,N'-Bis-(1H-imiidazol-2-ylm
methylene)-ethane-1,2-diamine, (2.14). Compoound
d
(22.14) shares similar design approachh to compounnd (2.12) wiith slightly different
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moree flexibility as to which of the two im
midazole nittrogen atomss will
be involved in
n coordinatioon to a metaal ion as a moono-dentate or as a chelaating atom. In
I
adddition, the length
l
and chemical
c
natuure of the brridging alkyll chain can also
a be tunedd to
m
match
the req
quirements of
o different metal
m
ions, most
m significaantly the spaacing betweeen
tw
wo chelated metal ions. The
T coordinnation complex attained with
w this linkker (compouund
2.15) demonsstrates the abbility of imiddazole core ring
r
to deprootonates in siitu to bridgee two
w
also prresenting thee need for fuurther studiess on
octahedrally-coordinated metal ions while
thhis family off linkers to attain
a
better understandin
u
ng and controol over the flexibility
f
off the
liinker.
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(C10H10N6)8MnIII[MnI(CO)3]3, (2.15). Inn compoundd 2.15, two tyypes of
octahedrally-coordinated Mn ions couuld be readilly distinguished. The disscrete multi-plex could bee visualized as two trigular bipyramiids sharing an
a apex. Thee
nuuclear comp
coomplex conttains eight mono-deproto
m
onated ligannd moleculess, six Mn(I) ions
i
and onee
M
Mn(II)
ion, reesulting in ann overall neuutral charge of the compplex. Six Mnn(I) ions are
cooordinated in
n a Mn-(CO
O)3LL` configguration (whhere L = chelating ligandd, L` =
m
monodentate
ligand) and occupy the six terminal apexes of thhe two pyram
mids. The
seeventh Mn(III) ion is octaahedrally coordinated too six nitrogenn atoms in Mn-L
M 2L`2
coonfiguration
n and occupiees the sharedd apex betweeen the two pyramids,
p
Figure 2.13.

(a)

(b)

(d))

(c)

Figure 2.13. (a) Crystal structure
F
s
of (2.15),
(
(b) baackbone of the
t complex where termiinal
caarbonyl ligan
nds and hyddrogen atomss omitted forr clarity, onee of the two pyramid-like
p
e
sttructures is represented
r
a a green pyyramid, (c) coordination
as
c
n around centtral Mn(II) ion
thhat could be visualized as
a (d) square planar, 4-coonnected nodde. Mn(magenta), C (graay),
N (blue), O (rred), H (white).
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2.2.2

Pyrimidine-Based organic linkers
2-(1H-Tetrazol-5-yl)-pyrimidine, (2.16). Due to the successful attempts in

isolating ZMOFs with SOD- and RHO-zeolite 7 topologies in our group utilizing
pyrimidine-2-carboxylic acid and the divalent Cd(II) metal ions, it appeared that
replacement of carboxylic acid functionality by a tetrazole could potentially result in
either isostructural, but functionalized, ZMOFs or altogether novel ones. Therefore,
synthesis of compound (2.16) was sought and accomplished. Despite that several
experiments with this linker did not result in ZMOFs, two interesting coordination
polymers were attained utilizing this linker, compounds (2.17) and (2.18).
In designing this molecule, the pyrimidine nitrogen atoms were sought to provide
the proper bridging angle (~145°) between two chelated metal ions and thus is a valid
target for a linker to forge ZMOFs. The tetrazole ring is capable of in situ deprotonation,
under relatively mild reaction conditions, to result in an anionic linker and thus either
neutral or positively charged ZMOF could be constructed, depending on the oxidation
state of the metal ions used.

N

N

NH
N
N N
2-(1H-Tetrazol-5-yl)-pyrimidine (2.16)
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{(C5H3N6)2Cu}n, Catena-((µ2-5-(2-Pyrimidyl)tetrazolato-N,N',N'',N''',N'''',
N''''')-copper(ii)), (2.17). While the designed ligand 2-(1H-Tetrazol-5-yl)-pyrimidine
(2.16) was initially sought as an analogue of pyrimidine-2-carboxylic acid that was
successfully utilized in our group to construct ZMOFs, it was anticipated that presence of
tetrazole ring in this linker might lead to novel materials due to different coordination
modes of tetrazolate than those of carboxylate. While the structure below was completely
unpredicted, mainly due to lack of accumulative knowledge about the coordination
modes of tetrazolates to transition metal ions, Figure 2.14. In the crystal structure of
(2.17), the Kagome` lattice is obtained from 4-connected nodes (octahedrally-coordinated
Cu(II) ions from two cis-bidentate ligand molecules and two axial monodentate ligand
molecules) and a ~120° bent linker (the angle between two coordinated nitrogen atoms of
the tetrazolate ring). While it is to be anticipated to arrive at a Kagome`-like lattice from
square-planar nodes and angular linkers, 10, 11the obtained structure was completely
unpredicted due to the reason we mentioned above.

M
N

N
N

N

N

N
N

N

N

N

M
70 entries

N

54 entries

M

M
N

N

N

M

N

N

M
23 entries

M

N

N

M
33 entries

N
N

M

M
31 entries

Figure 2.14. Coordination modes of tetrazolates to transition metal ions and the
corresponding number of entries in the CSD database (May 2009 update, number of
bonded atoms to non-coordinated nitrogen atoms was fixed at 2 when performing the
search).
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Figure 2.15. (Top) Crystal structure of (2.17) showing the Kagome`-lattice and (below)
side view of three layers held together through π–π stacking and C–H•••π interactions
(pink lines) between pyrimidine rings. Disordered solvent molecules occupying the 1D
hexagonal chanells omitted for clarity. Cu (orange), C (gray), N (blue), H (white).
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{((C5H3N6)2Cd}n, Catenaa-((µ2-5-(2-P
Pyrimidyl)teetrazolato-N
N,N',N'',N'''',N'''', N'''''')caadmium(ii))), (2.18). Coompound (2.118) represennts the designn principle behind
b
synthhesis
of ligand (2.1
16) that was intended to satisfy
s
the dodecahedral
d
l-coordinatioon mode arouund
a metal ion frrom four ditoopic, bis-biddentate linkerr. However, the structuree obtained iss the
(44,4)-square grid
g 12 insteaad of a ZMO
OF. Close insspection of thhe crystal strructure reveals
thhat the organ
nic linker is serving
s
the role
r of a lineear linker insstead of the intended
i
bennt
(~
~145°) one. This appearss to be a resuult of alternaating orientaations of the linker arounnd the
C
Cd(II)
ion and
d/or placemeent of the Cdd(II) ion in a geometricaally-relaxed position
p
betw
ween
thhe coordinatiing nitrogenn atoms of thhe pyrimidinee and tetrazoolate rings. In effect, the
m
mode
of coorrdination of the
t ligands molecules
m
inn this structurre is closely related to thhose
of coordinatio
on complexees with the ditopic,
d
bis-bbidentate 2,2`-bipyrimidiine.
In con
nclusion, ligaand (2.16) reepresents an interesting linker
l
that iss merit of moore
inn-depth expeerimental invvestigations to fully idenntify its charaacteristic and potentials in
coonstruction of
o novel cooordination poolymers, in general,
g
and ZMOFs, in particular.

F
Figure
2.16. Crystal struccture of (2.18). Cd(buff)), C (gray), N(blue),
N
H (w
white).
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N-Hydroxy-pyrimidine-2-carboxamidine, (2.19). Compound (2.19) retains the
core pyrimidine ring that is required to direct the connectivity of coordinated metal ions
to result in ZMOFs, in analogous way to pyrimidine-2-carboxylic acid and 2-(1HTetrazol-5-yl)-pyrimidine. However, compound (2.19) contains a primary amine and a
hydroxylamine functionality that were not previously explored in our group towards
construction of coordination complexes. Therefore, it represents an interesting molecule
to explore the potentials for such functional groups towards construction of coordination
polymers, in general, and ZMOFs, in particular. However, among the several
experimental attempts conducted utilizing this linker, the single crystalline product
isolated was compound (2.20), a discrete, mono-nuclear, species of octahedrallycoordinated Ni(II) ion.

N

N

HN

N
H

OH

N-Hydroxy-pyrimidine-2-carboxamidine

Bis-(N-hydroxy-pyrimidine-2-carboxamidine) nickel(ii) dichloride, (2.20).
Compound (2.20) is a discrete, mono-nuclear complex of ligand (2.19), acting as a
charge-neutral chelating agent where only one side of the pyrimidine ring is involved in
coordination bonding to the Ni(II) ion. While based on ligand (2.19) that retains the core
pyrimidine ring, required to direct the connectivity of coordinated metal ions to result in
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Z
ZMOFs,
in an
nalogous waay to pyrimiddine-2-carbooxylic acid annd compounnd (2.16), thee
cooordination modes and ionization
i
staate of the hyydroxylamine and primarry amine
m
moieties
in th
his linker aree unexploredd in the workks of our group. Thereforre, it was of
innterest to exp
plore the pottentials of thhis linker. Hoowever, amoong the severral experimeental
atttempts cond
ducted utilizing this linkker, the singlee crystallinee product isolated was
coompound (2.20), a discrete, mono-nuuclear, speciies of octaheedrally-coorddinated Ni(II)
ioon. Further experimental
e
l investigatioons are requiired to furtheer elaborate on the potenntials

Figure 2.17. Crystal struccture of (2.220). Ni (faintt blue), Cl (ggreen), N (deeep blue), O
F
(rred), C (gray
y), H (white)).

of this novel linker
l
with special
s
intereest in construuction of porous coordinnation polym
mers
thhat retain thee hydroxylam
mine functioonality in acccessible voidds to guest molecules
m
as this
m
might
be with
h great potenntial in sequeestering and further deacctivating sevveral of the nerve
n
aggents based on halophossphonates (e.g. Sarin, Sooman, Cyclossarin, etc.) as
a the acidic
hyydroxylamin
ne could potentially bindd the nerve agent
a
throughh chemical reactions
r
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displacing the halide ion. This idea is the working principle behind Pralidoxime 13 and it
might be anticipated that a metal-coordinated hydroxylamine moiety becomes more
effective in sequestering such organophosphonates due to enhanced acidity of the
hydroxylamine functionality.

2.3

Experimental
Unless otherwise noted, all compounds discussed in the following chapters were

synthesized and characterized by Mohamed H. Alkordi in Prof. Mohamed Eddaoudi’s
group, Department of Chemistry at the University of South Florida according to the
following:
All chemicals were used as received from Fisher Scientific, Sigma-Aldrich, TCI
America, or other commercial sources and used without further purification.
Single-crystal X-ray diffraction (SCD) data were collected on a Bruker SMARTAPEX CCD diffractometerusing with MoKα (λ = 0.71073 Å) or CuKα (λ = 1.5418 Å)
radiation source operated at (50 kV, 40 mA) for Mo source and at (40 kV, 30 mA) for the
Cu source. The frames were integrated with SAINT software package 16 with a narrow
frame algorithm. The structure was solved using direct methods and refined by fullmatrix least-squares on|F|2. All crystallographic calculations were conducted with the
SHELXTL 5.1 program package,17 Crystallographic tables are included in Appendix A.
X-ray Powder Diffraction (XRPD) measurements were carried on a Bruker AXS
D8-Advance operated at (50kV, 40mA) for CuKα (λ = 1.5418 Å), with a variable scan
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speed. Calculated XRPD patterns were produced using PowderCell 2.4 software 18 and/or
Materials Studio MS Modeling version 4.0.19 XRPD patterns are included in Appendix B.
The graphical structural analysis was performed using Materials Studio MS
Modeling version 4.0.19 Thermogravimetric analyses (TGA) were performed under N2
and recorded on a Perkin Elmer STA 6000 thermogravimetric analyzer. TGA profiles are
included in Appendix C.
Atomic Absorption experiments were conducted on a Varian Spectra AA 100
instrument. Volumetric gas sorption studies were performed on a Quantachrome
Autosorb-1 instrument. FT-IR (operated under attenuated total reflectance mode) spectra
were acquired on Thermo Nicolet Avatar 360 FTIR Spectrometer.
The MALDI−TOF MS spectrum was recorded on a Bruker Daltonics Autoflex III
TOF/TOF mass spectrometer using α-cyanohydroxy-cinnamic acid as the matrix.
Solution UV–vis absorption spectra were collected on a PerkinElmer Lambda900
spectrophotometer, with an attachment for solid samples and gaseous atmosphere.
All 1H and 13C NMR spectra were acquired on Varian VXR (299.94 MHz for 1H,
75.55 MHz for 13C), UnityINOVA 400 (399.78 MHz for 1H, 100.54 MHz for 13C) equipped
with variable temperature controller, or UnityINOVA 500 (499.76 MHz for 1H, 125.68
MHz for 13C) spectrometers. The 1H chemical shifts are reported relative to that of TMS
and referenced to either the internal HDO signal at 4.76 ppm, the singlet peak of 3(trimethylsilyl)-1-propanesulfonic acid sodium salt (DSS) at 0 ppm, or DMSO-d6 signal
at 2.5 ppm, as indicated for each spectrum. All instruments are housed by USF
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Interdisciplinary NMR Facility (USFINMRF) at the Department of Chemistry at the
University of South Florida. All spectra were processed by ACD Labs 11.0 package.20
Synthesis of: 2-Diazo-1H-imidazole-4,5-dicarbonitrile, (2.1). In 20 mL of
HBF4 (40% in H2O) at 0°C was dissolve 2-amino-1H-imidazole-4,5-dicarbonitrile (10
mmol), stirred and to this mixture was slowly added a solution of NaNO2 (11 mmol) in 5
mL H2O at 2~5°C. After complete addition, the mixture was brought to boil then let to
stand at room temperature to result in colorless crystals. The product was then isolated
and air dried (1.12 g, yield = 77.2%). Caution, the solid is chock and heat sensitive; care
must be taken in working with nitrite and diazonium salts!

N

N

H
N
NH2
N

N

NaNO2
HBF4

N N
N
N

N

2-Diazo-2H-imidazole4,5-dicarbonitrile

2-Amino-1H-imidazole4,5-dicarbonitrile

Scheme 2.1. Synthesis of 2-diazo-2H-imidazole-4,5-dicarbonitrile, (2.1).

Synthesis of: 2-Bromo-1H-imidazole-4,5-dicarbonitrile, (2.2a).To a suspension
of 1H-imidazole-4,5-dicarbonitrile (1.18 g, 10 mmol) in 10 mL D.I. was added NaOH
(0.88 g, 22 mmol) and the mixture was stirred at room temperature. To this mixture, Br2
(0.52 mL, 10 mmol) was added drop wise. The mixture was stirred at room temperature
for 1h then acidified to pH = 1.8 by few drops of H2SO4, an immediate white precipitate
form which was then filtered and washed with D.I. The obtained solid was re-crystallized
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from ethanol to give 2-bromo-1H-imidazole-4,5-dicarbonitrile monohydrate (2.09 g, 9.72
mmol, 97.2 %).
N

N

N

N

NH

Br2/ H2O
NaOH

N

N

NH

Br
2-Bromo-1H-imidazole4,5-dicarbonitrile
N

N

O

N

OH
N

NH

H2SO4(aq.)
reflux 12 hr

Br

N

NH
Br

2-Bromo-5-cyano-3H-imidazole4-carboxylic acid amide

Scheme 2.2. Synthesis of 2-Bromo-1H-imidazole-4,5-dicarbonitrile (2.2a) and 2-bromo1H-imidazole-4,5-dicarboxylic acid, (2.2b).

A suspension of 2-bromo-1H-imidazole-4,5-dicarbonitrile monohydrate (1.27 g,
5.9 mmol) in 5 mL D.I. and H2SO4 (36.8 N, 1 mL) was held at reflux for 12 h, then
cooled down to room temperature to obtain white precipitate which was subsequently
filtered and washed with cold D.I. to obtain 2-bromo-5-cyano-3H-imidazole-4-carboxylic
acid (1 g, 4.65 mmol, 78.8 %). The solid was re-crystallized from methanol and
characterized through single crystal X-ray diffraction.

Synthesis of: 1H-benzimidazole-4,7-diol hydrogen bromide, (2.3c). In a round
bottom flask, finely grinded powder of 1,4-Dimethoxybenzene (6.12 g, 44.3 mmol) was
introduced, in portions, to ice-cooled HNO3 (20 mL, 15.8 N) then stirred at room
temperature for 1 h followed by heating at 90°C for 1 h. The mixture was allowed to cool
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down to room temperature then poured on 100 mL ice to result in bright yellow
precipitate. The yellow precipitate was filtered and washed with D.I. then air dried to
yield 9.03 g, 89.4% of the di-nitro product (2.3a). The yellow solid was then introduced
into a round bottom flask containing 150 mL of HCl (10.2 N), with vigorous stirring, a
mass of 29.6 g of Sn was introduced into the reaction mixture, in portions, after which
stirring was maintained at 90°C for 4 h, the white precipitate was filtered, washed with
D.I. and cold acetone then dissolved in D.I. The solution was made basic by addition of
NaOH and intense purple color appeared, the product was extracted in chloroform and
the golden-yellow organic layer was dried over Mg(SO4) and instantaneously combined
with [1,3,5]-triazine (1.62 g, 20 mmol) and held at reflux for 72 h. The resulted white
precipitate was filtered and air-dried to obtain 2.75 g (15.4 mmol, yield = 34.8 % based
on p-dimethoxybenzene) of the 4,7-dimethoxy-1H-benzoimidazole (2.3b). The product
was re-crystallized from hot ethanol with few drops of N,N`-dimethylformamide. To
0.546 g (3.06 mmol) of 4,7-dimethoxy-1H-benzimidazole was added 10 mL of HBr
(48%) and the mixture was held at reflux for 2 h then cooled to room temperature to
obtain the off-white crystalline material 1H-benzimidazole-4,7-diol hydrogen bromide
(2.3c), 0.535 g (2.33 mmol, yield = 76%). The synthesis is based on a modified
previously published procedure.15
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Scheme 2.3. Synthesis of 1H-benzimidazole-4,7-diol hydrogen bromide, (2.3c).
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Synthesis of imidazolato-4-carboxaldehyde-Mn(I) molecular square, (2.5). A
stock solution of 1H-imidazole-4-carboxaldehyde (10 mmol) in 10 mL of ethanol was
prepared. To a 0.5 mL of Mn(CO)5Br solution freshly prepared in acetonitrile (0.1 mM)
was added 0.1 mL of the ligand solution, 0.05 mmol of triethylamine, 1mL of DMF and
the mixture was heated at 60 °C for 4 h to result in few pyramid-like crystals formulated
as [Mn(Im)(CO)3]4 utilizing single crystal X-ray diffraction.

Synthesis of: 4,5,4'',5''-Tetrahydro-1H,1'H,1''H-[2,4';5',2'']terimidazole,
(2.6). 1H-imidazole-4,5-dicarbonitrile (10 mmol) and excess of ethane-1,2-diamine in
presence of sulfur (10 mmol) were held at reflux for 1 h followed by vacuum drying and
suspension in water then filtration to afford white powder in excellent yield (9.2 mmol,
92%). 1H NMR (D2O, 400MHz): δ = 7.99 (s, 1H), 3.92 (s, 8H).

N

N HN

N
+
N

H2N

NH2

Sulfur (cat.)
reflux, 1hr

NH

1H-Imidazole4,5-dicarbonitrile

N

HN
N

Ethane-1,2-diamine

NH

4,5,4'',5''-Tetrahydro-1H,1'H,1''H[2,4';5',2'']terimidazole

Scheme 2.4. Synthesis of 4,5,4'',5''-tetrahydro-1H,1'H,1''H-[2,4';5',2'']terimidazole, (2.6).
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Synthesis of: 2,2'-(1H-imidazole-4,5-diyl)di-1,4,5,6-tetrahydropyrimidine,
(2.7). 1H-imidazole-4,5-dicarbonitrile (10 mmol) and excess of propane-1,3-diamine in
presence of sulfur (10 mmol) held at reflux for 1 h followed by vacuum drying and
suspension in water then filtration to afford white powder in excellent yield (9.2 mmol,
92%) and high purity as determined from solution 1H NMR (D2O, 400MHz): δ = 7.47 (s,
1H), 3.5 (t, J = 5.7 Hz, 8H), 1.97 (quin, J = 5.7 Hz, 4H).

N

N

N HN
+

N

H2N

NH2

Sulfur (cat.)
reflux, 1hr

NH

1H-Imidazole4,5-dicarbonitrile

N

HN
N

Propane-1,3diamine

NH

2,2'-(1H-imidazole-4,5-diyl)
di-1,4,5,6-tetrahydropyrimidine

Scheme 2.5. Synthesis of 2,2'-(1H-imidazole-4,5-diyl)di-1,4,5,6-tetrahydropyrimidine,
(2.7).

Synthesis of: 2,2'-(1H-imidazole-4,5-diyl)di(1,4,5,6-tetrahydropyrimidin-5ol), (2.8). In a round bottom flask, a 0.59 g (5 mmol) of 1H-imidazole-4,5-dicarbonitrile
and 0.16 g (5mmol) of sulfur were combined. To this mixture was added 0.77 g (20
mmol) of 1,3-diamino-propan-2-ol and the mixture was held at reflux for 1h, the excess
1,3-diamino-propan-2-ol was allowed to evaporate then the precipitate was washed with
D.I., filtered and air-dried to obtain 1.2 g (4.55 mmol, yield = 91%) of the 2,2'-(1Himidazole-4,5-diyl)di(1,4,5,6-tetrahydropyrimidin-5-ol). 1H NMR (D2O, 300MHz):

=

7.34 (s, 1 H), 4.21 (quin, J=3.2 Hz, 2 H), 3.27 - 3.54 ppm (m, 8 H). The product was recrystallized from 0.1M solution in DMF to obtain colorless crystals for single crystal Xray diffraction study.
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Sulfur (cat.)
reflux, 1hr

N HN
N

HN
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N

1H-Imidazole4,5-dicarbonitrile

1,3-Diaminopropan-2-ol

NH

2, 2'-(1H-imidazole-4,5-diyl)
di(1,4,5,6-tetrahydropyrimidin-5-ol)

Scheme 2.6. Synthesis of 2,2'-(1H-imidazole-4,5-diyl)di(1,4,5,6-tetrahydropyrimidin-5ol), (2.8).

Synthesis of: 2-(3H-Imidazol-4-yl)-1,4,5,6-tetrahydro-pyrimidine, (2.9). To a
mixture of 1H-Imidazole-4(5)-carbaldehyde (10 mmol) and hydroxylamine
hydrochloride (10 mmol) in methanol was added sodium methoxide (10 mmol). The
mixture was held at reflux for 1 h followed y addition of 10 mL of Acetic acid anhydride.
The reflux was continued for an additional 1 h then the volatiles were removed under
reduced pressure. The resulted solid was held at reflux for 1 h in excess of 1,3propanediamine in presence of sulfur (5 mmol). The excess 1,3-propanediamine was
evaporated and the white solid is suspended in water, filtered, and dried to obtain 7 in
high purity (3.5 mmol, 35% yield). 1H NMR (D2O, 300MHz): δ = 7.80 (s, 2 H), 3.47 (t,
J=5.8 Hz, 4 H), 2.00 ppm (quin, J=5.5 Hz, 2 H).
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2-(3H-Imidazol-4-yl)-1,4,5,6tetrahydro-pyrimidine

Scheme 2.7. Synthesis of 2-(3H-Imidazol-4-yl)-1,4,5,6-tetrahydro-pyrimidine, (2.9).

Synthesis of: 1H,3'H-[5,5']Bibenzoimidazole, (2.10). Reaction of biphenyl3,4,3`,4`-tetramine (6 mmol) and [1,3,5]-triazine (5 mmol) in 1 mL of DMF at 115°C for
4 h resulted in light pink solid. The solid was filtered and washed with DCM then dried to
obtain the 1H,3'H-[5,5']bibenzoimidazole as crystalline solid (3.65 mmol, 61 % yield).
The crystalline material was suitable for single crystal X-ray diffraction studies. The
synthesis could also be accomplished according to a previously published procedure 14.
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H2N
H2N

NH2

Biphenyl-3,4,3',4'-tetraamine

N

N

+
N

DMF
1150C / 4hr

[1,3,5]Triazine

N

NH

N
N
H
1H,3'H-[5,5']Bibenzoimidazolyl

Scheme 2.8. Synthesis of 1H,3'H-[5,5']bibenzoimidazole, (2.10).

Synthesis of: N,N'-Bis-(1H-imidazol-4-ylmethylene)-propane-1,3-diamine,
(2.11). Reaction of 1H-imidazole-4-carbaldehyde (10 mmol) and propane-1,3-diamine (5
mmol) in 20 mL CH3OH at reflux for 3 hr resulted in clear yellow solution. The solvent
was evaporated and the resulted yellow solid is collected to yield the product
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quantitatively. 13C NMR (DMSO-d6 , 101 MHz): δ = 152.5, 137.1, 58.1, 31.9 ppm. 1H
NMR (DMSO-d6 , 400MHz): δ = 8.21 (s, 2 H), 7.70 (s, 2 H), 7.40 (br. s., 2 H), 3.54 (t,
J=6.7 Hz, 4 H), 1.89 ppm (quin, J=6.8 Hz, 2 H).
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1H-Imidazole4-carbaldehyde

+

H2N

NH2

CH3OH
reflux, 1 hr
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N

N

N

NH
HN
N,N'-Bis-(1H-imidazol-4-ylmethylene)propane-1,3-diamine

Propane-1,3-diamine

Scheme 2.9. Synthesis of N,N'-bis-(1H-imidazol-4-ylmethylene)-propane-1,3-diamine,
(2.11).

Synthesis of: Chloro-(N,N'-bis(4-imidazolylmethylidene)-1,3trimethylenediamine)-manganese(ii), (2.12). A mixture of MnCl2 (0.1 mmol) and N,N'bis-(1H-imidazol-4-ylmethylene)-propane-1,3-diamine, (0.1 mmol) in 1 mL of DMF was
brought to 115°C for 12 h to result in pale yellow block crystals, (0.07 mmol, 70 % yield)
characterized through single crystal X-ray crystallography.

Synthesis of: Catena-N,N'-Bis-(1H-imidazolyl-4-ylmethylene)-propane-1,3diamine manganese(ii) nitrate, (2.13). A mixture of Mn(NO3)2·x (H2O), (0.1 mmol) and
N,N'-bis-(1H-imidazol-4-ylmethylene)-propane-1,3-diamine, (0.1 mmol) in 1 mL of
DMF was brought to 85°C for 12 h to result in pale yellow block crystals, (0.086 mmol,
86 % yield) characterized through single crystal X-ray crystallography.
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Synthesis of: N,N'-bis-(1H-imidazol-2-ylmethylene)-ethane-1,2-diamine, (2.14).
To a solution of 1H-imidazole-2-carboxaldehyde (10 mmol) in ethanol (20 mL)
was added ethane-1,2-diamine (5 mmol) and the mixture was maintained at 60 °C for 1 h
to result in faint yellow solution used without further purification in subsequent reactions.
N
NH
O
N
1H-Imidazole-2carbaldehyde

H2N

NH2

EtOH
60 C

Ethane-1,2-diamine

N
H

N

H
N

N
N

N,N'-Bis-(1H-imidazol-2-ylmethylene)ethane-1,2-diamine

Scheme 2.10. Synthesis of N,N'-bis-(1H-imidazol-2-ylmethylene)-ethane-1,2-diamine,
(2.14).

Synthesis of: (C10H10N6)8MnII[MnI(CO)3]3, (2.15). Reaction of N,N'-bis-(1Himidazol-2-ylmethylene)-ethane-1,2-diamine (0.1 mmol) and Mn(CO)5Br (0.1 mmol) in a
solvent mixture of acetonitrile and N,N`-dimethylformamide (1 mL each) at 105 ºC for
12 h resulted in few colorless polyhedral crystals characterized through single crystal Xray diffraction.

Synthesis of: 2-(1H-Tetrazol-5-yl)-pyrimidine, (2.16). An aqueous solution of
pyrimidine-3-carbonitrile (10 mmol), sodium azide (12 mmol), and ZnBr2 (10 mmol) was
held at reflux for 4 h followed by acidification with HCl and the aqueous solution was
extracted with EtOAc several times. The organic layer was dried over Mg(SO4), filtered
and evaporated under reduced pressure to result in 2-(1H-tetrazol-5-yl)-pyrimidine (4.18
mmol, 41.8 % yield).
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N

1. NaN3, ZnBr2 (cat.), H2O
2. HCl , EtOAc

N

N

N
NH
N N
2-(1H-Tetrazol-5-yl)-pyrimidine

N
Pyrimidine-2-carbonitrile

Scheme 2.11. Synthesis of 2-(1H-tetrazol-5-yl)-pyrimidine, (2.16).

Synthesis of: catena-((µ2-5-(2-Pyrimidyl)tetrazolato-N,N',N'',N''',N'''',N''''')copper(ii)), {(C5H3N6)2Cu}n, (2.17). In 25 mL scintillation vial, a mixture of CuCl2 (0.05
mmol) and 2-(1H-tetrazol-5-yl)-pyrimidine (0.1 mmol) in 2 mL of N,N`dimethylformamide was held at 85°C for 24 h, after which few hexagonal plate-like blue
crystals were isolated and characterized through single crystal X-ray diffraction.

Synthesis of: catena-((µ2-5-(2-Pyrimidyl)tetrazolato-N,N',N'',N''',N'''',N''''')cadmium(ii)), {(C5H3N6)2Cd}n, (2.18). In 25 mL scintillation vial, a mixture of
Cd(NO3)2 (0.2 mmol) and 2-(1H-tetrazol-5-yl)-pyrimidine (0.2 mmol) in 2 mL of N,N`dimethylformamide was held at 85°C for 20 minutes, after which cubic colorless crystals
were isolated in quantitative yield and characterized through single crystal X-ray
diffraction.

Synthesis of: N-Hydroxy-pyrimidine-2-carboxamidine, (2.19). An ethanolic
solution, 10 mL, of pyrimidine-3-carbonitrile (10 mmol), hydroxylamine hydrochloride
(11 mmol), and sodium ethoxide (11 mmol) were held at reflux for 12 h. A white
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precipitate was filtered and the filtrate was concentrated under reduced pressure followed
by recrystallization from hot aqueous solution to result in faint yellow solid (7.2 mmol,
72% yield). 13C NMR (DMSO-d6, 100.535 MHz): δ = 123.5, 124.4, 151.7, 156.1, 158.4,
158.6 ppm.

N

N

H2NOH.HCl
Pyridine, reflux

N

HO

N

N

N

NH2

N-Hydroxy-pyrimidine2-carboxamidine

Pyrimidine-2carbonitrile

Scheme 2.12. Synthesis of N-Hydroxy-pyrimidine-2-carboxamidine, (2.19).

Synthesis of: Bis-(N-hydroxy-pyrimidine-2-carboxamidine) nickel(ii)
dichloride, (2.20). In 25 mL scintillation vial, a mixture of NiCl2 (0.1 mmol) and Nhydroxy-pyrimidine-2-carboxamidine (0.2 mmol) in 2 mL of N,N`-dimethylformamide
was held at 85°C for 12 h, after which green-blue crystals were isolated in nearly
quantitative yield and characterized through single crystal X-ray diffraction.

2.4

Conclusion
The works presented in this chapter represent our attempts to design and

synthesize organic functional molecules with anticipated potentials to act as proper
linkers in construction of novel, pre-designed metal−organic materials with Zeolitic
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topologies, namely ZMOFs. The nature of the work is mostly exploratory with regards to
the chemical properties, coordination modes, ionization states, among other factors of the
novel linkers constructed. Despite the fact that geometric design principles were
implemented into the syntheses accomplished, the modest success in construction of
targeted crystalline solid materials with zeolitic topologies emphasizes the equally
important factors to consider and control during the MOF synthesis, those are the
experimental setup ranging from nature of metal ion, counterion, solvent, temperature,
stoichiometry, concentration, reaction time, presence of structure-directing agent, among
others. Although, this combination of reaction conditions variables might imply an
endless number of combinatorial trials, good chemical intuition still have much to offer in
tackling such situations.
One particular factor that deserves further experimental investigation is the nature
of solvent. In all of the trial conducted, a solvent system that contains oxygen donor
molecules was employed. Examples of solvents utilized are H2O, N,N`-dimethyl
formamide, N,N`-diethylformamide and dimethylsulfoxide. Additional trials are highly
recommended in a solvent system that does not have oxygen donor molecules; examples
include acetonitrile, chlorobenzene, toluene, triethylamine and pyridine. This is to avoid
competitive coordination by oxygen donor solvent molecules to the metal ions and thus
affording better chances for metal ion coordination to the nitrogen donor ligands
molecules described in this chapter. Equally of interest would be the incorporation of
structure directing agents and templates into the reaction mixtures, most frequently
utilized are ammonium salts, that would direct the self-assembly of the molecular and
ionic precursors to result in the targeted ZMOFs.
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Chapter 3: Metal−Organic Cubes (MOCs)
3.1

Zeolite-like Metal–Organic Frameworks (ZMOFs) Based on the Directed
Assembly of Finite Metal–Organic Cubes (MOCs)

3.1.1

Introduction
The ability to control coordination number, and geometry, around metal ions,

regarded as nodes, through association to polytopic ligand molecules, regarded as linkers,
affords construction of pre-designed finite and rigid metal−organic polyhedra (MOPs).1
MOPs possess several characteristic attributes, especially important is presence of
peripheral functionalities that can further be employed, as coordinating or chelating
species towards metal ions or as hydrogen bond donors/acceptors in conjunction with
other hydrogen bond acceptor/donor species, permitting extension of the discrete MOP
into an extended framework. This strategy calls for utilization of MOPs as
supermolecular building blocks (SBBs)2 in construction of metal–organic frameworks
(MOFs), a strategy we, among others, have implemented to enhance our control over the
targeted framework in a direct consequence of information encoding at the molecular
level, represented by the well-defined geometric attributes of the SBB. In this approach,
the SBB, a supermolecular chemical species that has the ability to extend through
covalent or noncovalent interactions is constructed, in situ, from simpler units, the
molecular building blocks (MBB). In general, the points of extension of the MBB define
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a geometric building unit that is equivalent to augmenting a node in an infinite 1 D, 2D or
3D network, with special focus on discrete MOPs, and thus becomes a means of
designing and generating metal−organic material. Being constructed from molecular
building blocks, the MOP can further be utilized as supermolecular building block (SBB)
representing the next level of complexity in designing and constructing novel
metal−organic materials based on the SBB approach. The points of extension of the SBB,
i.e. available sites for coordination to metal ions and/or hydrogen bond interactions,
define a geometric building unit that becomes a means of designing and construction of
metal−organic material with a larger relative scale and a higher degree of connectivity
than that obtained through the MBB approach.
Programming the SBB with a hierarchy of appropriate information to promote the
synthesis of targeted structures, while simultaneously avoiding other easily attainable
nets,3 represents a significant advancement in framework design.4 Of special interest in
crystal chemistry are edge-transitive nets since they are simple networks composed from
only one kind of edge.5 Therefore, we opted to utilize the pre-designed finite metal–
organic cube (MOC)6, Figure 1.26, reported previously by our group, as a rigid and
directional SBB for the directed assembly and deliberate construction of extended MOFs
based on edge transitive nets that, simultaneously, exhibit zeolite-like topologies. Zeolitelike frameworks, based on tetrahedral nodes, are of scientific and industrial interest due to
the myriad potential applications associated with their unique structures and intrinsic pore
systems.7 However, the scope of applications is restricted by the synthetic difficulty to
construct zeolite-like frameworks with extra-large cavities/windows and/or periodic intraframework organic functionality.8
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Therefore, it has been the focus of our group, among others, to develop new
synthetic pathways and design strategies to assemble zeolite-like metal–organic
frameworks (ZMOFs) to tackle these challenges, where the unique features of MOFs
ranging from facile tuneability, to the ability to tailor the pore size, to the ability to induce
intra- and/or extra-framework functionality, are combined with the distinctive confined
space, ion exchange ability, and, especially, the forbidden interpenetration of zeolite
structures.
While through the single-metal-ion MBB approach, recently implemented by our
group, non-default zeolite-like metal−organic frameworks (ZMOFs) can be targeted
using hetero-chelation to generate rigid and directional single-metal-ion-based molecular
building blocks (MBBs), the SBB approach towards construction of such materials
remains largely unexplored. The MBB approach was met with great success in
construction of zeolite-like materials where it is possible to avoid default nets (most
commonly encountered nets from association of building blocks in absence of proper
information encoded at the molecular level of the building blocks) based on assembly of
tetrahedral nodes and linear flexible linkers, best illustrated by cubic diamond which is
the default topology for the assembly of simple tetrahedral building units (TBUs) and
flexible ditopic linkers,9 but the utilization of rigid and directional TBUs (induced
through hetero-chelation) along with ligands having the commensurate coordination
angle (~144°) for zeolite nets enabled us to direct, and further control, the assembly of
MBBs, generated in situ, into non-default ZMOFs.
A particular subset of zeolite nets exhibit a common secondary building unit
(SBU) composed of eight tetrahedra bridged through oxide ions in a cube-like
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arrangement, commonly referred to as a double 4-ring (D4R). Such an SBU is capable to
extend into infinite network through coordination of the SBU’s vertices to eight oxide
ions.11The analogy of this SBU to the MOC suggests that MOCs could be used as SBBs
to target zeolite nets based on D4Rs. Our approach encompasses using MOCs as 8connected building blocks, which can be regarded as D4Rs to construct ZMOFs. This
approach could alternatively be visualized as augmenting the nodes of related 8connected edge-transitive nets, i.e. substituting an 8-connected node by the vertex figure,
a cube in this case.
The D4Rs can be connected through linear linkers to construct nets based on
zeolites LTA or ACO or through 4-coordinate nodes to result in AST- or ASV-like
topologies. The aforementioned zeolites (ACO, AST, ASV, and LTA) are especially
interesting to reticular chemistry as their nets correspond to the augmentation of the edgetransitive nets bcu, flu, scu and reo, respectively, where the D4Rs serve as
the cube-like vertex figures.5 Specifically, bcu and reo are both semi-regular 8-connected
nets, and scu and flu are edge-transitive (4,8)-connected nets. Based on the above
discussion, zeolitic nets that can be interpreted as augmented edge-transitive (8connected)-based nets were targeted and successfully constructed, Figure 3.1.
As previously described by our group, a metal–organic molecular cube can be
assembled through hetero-chelation of octahedral single-metal ions by ditopic bisbidentate linkers in a fac-MN3O3 manner. The molecular cube itself consists of eight
vertices occupied by tri-connected nodes bridged through twelve 4,5-imidazole
dicarboxylate (HnImDC, n = 0–1) linkers. By expanding the coordination of such
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vertices, interconnected tetrahedra similar to the D4R units in zeolites can be attained.
The MOCs possess peripheral carboxylate oxygen atoms that can potentially coordinate
additional metal ions and/or participate in hydrogen bonding to construct extended
structures, specifically ZMOFs.

Figure 3.1. (Middle) single-metal-ion-based MBBs (tri-connected nodes and linear
spacers) facilitate the assembly of a MOC, which is utilized as 8-connected SBB to
generate ZMOFs. Zeolitic nets with AST (top left) and LTA (top right) are constructed
based on relations with regular (8-connected)-based nets (bottom). The reo net (bottom
right) corresponds to zeolite LTA (middle right) and flu (bottom left) to zeolite AST
(middle left) when the 8-connected nodes are augmented, or replaced by cubes.
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3.1.2

Results and Discussion
Reaction of 4,5-imidazoledicarboxylic acid (H3ImDC) and Zn(NO3)2⋅6H2O in a

N,N`-dimethylformamide (DMF)/ H2O mixture in presence of excess zinc and
guanidinium cations yield colorless polyhedral crystals containing the expected anionic
zinc-based MOCs, (3.1). The presence of excess zinc and guanidinium ions permits the
linkage of the MOCs through the oxygen atoms of HnImDC to form extended zeolite-like
frameworks having AST topology, Figure 3.2. The as-synthesized compound is
formulated as {[Zn8 (ImDC)8 (HImDC)4] Zn4 (DMF)8 (H2O)4 (guanidinium)8} (3.1), using
single-crystal X–ray diffraction. In (3.1), the anionic MOCs, formulated as [Zn8 (ImDC)8
(HImDC)4]16-, are composed of twelve ligands, four doubly deprotonated and eight triply
deprotonated ligands coordinating eight Zn2+ ions, generating an overall −16 charged
MOC.
In an attempt to direct the assembly of such highly functional anionic MOCs
through H-bonding interactions, guanidinium nitrate was employed as a structure
directing agent. The guanidinium ion provides suitable molecular recognition sites in
conjuncture to carboxylate ions, acting as H-bond donor in a charge-assisted hydrogen
bond interaction, Figure 3.3. In the crystal structure of (3.1), each guanidinium ion is
simultaneously hydrogen bonded to three MOCs through the carboxylate ions present on
the vertices of the MOCs. Four guanidinium ions, arranged on the surfaces of a
supramolecular tetrahedron, act as a tetrahedral node linking the vertices of four MOCs
through multiple charge-assisted hydrogen bonds. Such arrangement could be visualized
as four MOCs tetrahedrally-connected through vertices, analogous to AST zeolite.
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a)

b)

c)

d)

Figure 3.2. (a) Single-crystal structure of AST-ZMOF, (3.1) (yellow sphere represents
vdw sphere of a diameter ~ 15Å that can fit into the AST-cage without touching vdw
surfaces of the framework) with (b) zeolite AST-like network topology. (c) In (3.1), the
MOC-based SBBs are linked via simultaneous edge-to-edge connection through
coordinated metal ions and vertex-to-vertex connectivity through charge-assisted Hbonded guanidinium ions. (d) In AST-ZMOFs, (3.1) and (3.2), six MOCs (red tile) are
connected to generate the AST-cage (blue tile).
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Figure 3.3. Bond distance histogram for N−H···O interactions in guanidiniumcarboxylate complexes, CSD version 5.30 (November 2008).
Moreover, due to presence of external carboxylate functionalities, metal ions, in
this case excess of Zn2+ added to the reaction mixture, could be employed as nodes to
afford coordination linkage of the MOCs through edges.
In the crystal structure of (3.1), Figure 3.4, each anionic molecular cube is
concurrently connected through its edges and vertices to zinc and guanidinium ions,
respectively, and further extends to twelve adjacent MOCs. Each edge-connection occurs
through a Zn2+ ion octahedrally coordinated by four carboxylate oxygen atoms (Zn–O
distance of 2.07 Å), from two ImDC ligands of two MOCs, and two disordered DMF
solvent molecules as axial ligands. The twelve edge-connections through Zn2+ ions can
be visualized as edge-to-edge connections between the cubes. Intermolecular vertex

128

Figure 3.4. Crystal structure of (3.1) showing assembly of six MOCs, simultaneous apexto-apex H-bonding interactions with guanidinium (top) and edge-to-edge connections
through coordinated Zn2+ ions (bottom), generates the AST-cage. Yellow sphere
represents the sphere that can fit inside AST-cage without touching van der Waals radii
of atoms making up the framework. O (red), N (blue), Zn (green), C (grey).
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a)

b)

c)

d)

Figure 3.5. (a) Supramolecular tetrahedral assembly of MOCs through coordinated Zn
ions (green) and H-bonding to guanidinium cations (only 3 MOCs shown for clarity), (b)
tetrahedrally-arranged guanidinium cations, (c) edge-connection between MOCs through
octahedrally-coordinated metal cations, (d) guanidinium-ImDC interactions through
charge-assisted H-bonds to the carboxylates groups on the vertices of four MOCs in (3.1)
(N−H···O distance of 1.978−2.204Å). O (red), N (blue), Zn (green), C (grey), H (white).
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connections occur through charge-assisted hydrogen bonds between four guanidinium
ions, paneling a supramolecular tetrahedron, and carboxylate oxygen atoms (N−H···O
distances 1.978−2.204Å ), Figure 3.5. These H-bonds play a decisive structure-directing
role and can be regarded as a tetrahedral node linking four cubes through vertices
producing the zeolitic AST topology.
In a separate attempt to direct the linkage between the anionic MOCs bearing
carboxylate functionalities, oxophilic metal ions, especially with interest are alkali and
alkaline earth metal ions, were considered as potential target to include in the initial
reaction mixture to act as linkers of the MOCs. The choice of oxophilic metal ions was
based on the rationale of minimal interference with the construction of the MOC due to
weak competition of those ions towards coordination to nitrogen atoms of the ligand, thus
permitting their utilization in the initial reaction mixture with Zn2+, Cd2+, Mn2+, Co2+, or
In3+ ions that exhibit favorable octahedral hetero-coordination fac-MN3O3 sphere,
essential for construction of the targeted MOC. From the several different metal ions
attempted, only K+ and Cs+ ions afforded crystalline materials suitable for structural
analysis.
Reaction of (H3ImDC) and Zn(NO3)2⋅6H2O in a DMF/H2O mixture in presence of
potassium chloride yield colorless polyhedral crystals formulated as {[Zn8(HImDC)12]
(DMF)5 K8 (H2O)12}, (3.2). From the X-ray structural analysis, it is evident that the
ligands molecules in the MOC are doubly deprotonated, and coordinating eight Zn2+ ions
resulting in an overall −8 charged MOC. The charge balance is attained through
coordination of eight K+ ions by the carboxylate functionalities at the vertices of the
MOC.
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Figure 3.6. (T
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In the crystal struccture of (3.22), Figure 3.66, four tetrahhedrally- arraanged K+ ionns
cooordinate to the oxygen atoms on the vertices off four tetraheedrally-arrannged MOCs,
Figure 3.6. Eaach K+ ion is coordinateed by six oxyygen atoms on
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ng four cubees through thheir vertices are visualizeed as a tetrahhedral node
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linking four MOCs, in a similar manner to that played by guanidinium ions in (3.1), and
thus the overall structural topology of (3.2) could be regarded as AST-like ZMOF. We
describe the connectivity through these K+ clusters as tetrahedral nodes linking four
cubes through the vertices. The resulting topology can be represented by the zeolite AST
or the flu net, if the SBB is viewed as an 8-coordinate node.
The same strategy as detailed above also was applied to Cd2+, Co2+, Mn2+, and
In3+ to result in similar extended frameworks (3.4-3.8, described later), demonstrating a
versatile and readily accessible approach toward construction of ZMOFs based on a
variety of octahedrally-coordinated metal ions. In both (3.1) and (3.2), six MOCs
assemble to create the AST-cage in which spheres with diameters ca. 15 Å and 12 Å,
respectively, can fit without touching the van der Waals radii of the framework
(excluding solvent).
The following LTA-ZMOF of the formula {[Cd8 (HImDC)8 (ImDC)4] (H2Pip)2
Na8 (EtOH) (H2O)41} (Pip = Piperazine, EtOH = Ethanol) was prepared solely by Jaccylin
A. Brant and will be presented here due to the close relevancy to the approach described
earlier.
Reaction of Cd(NO3)2⋅4H2O and H3ImDC in the presence of Na+ ions results in
compound (3.3), formulated as {[Cd8 (HImDC)8 (ImDC)4] (H2Pip)2 Na8 (EtOH) (H2O)41}
(Pip = Piperazine, EtOH = Ethanol). In the crystal structure of (3.3), Figure 3.7a, each
MOC is linked to eight other cubes through linear vertex-to-vertex connections. Half are
connected through hydrogen bonded water molecules and the other four vertices are
connected through a series of four sodium atoms, Figure 3.7 b. The framework consists
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of two types of cages, namely an α-cage encapsulated by 12 cubes and an elliptical βcage enclosed by 6 cubes. The largest sphere that can fit into these cages without
touching the van der Waals surface of the framework is ~32 Å for the α-cage and ~8.5 Å
for the β-cage, Figure 3.8.

a)

c)

b)

d)

Figure 3.7. (a) Single-crystal structure of lta-ZMOF, (3.3) (yellow sphere represents vdw
sphere) with (b) zeolite LTA-like network topology. (c) In (3.3), twelve MOCs are
connected through a series of sodium ions to generate (d) an α-cage (green tile) that can
accommodate a sphere with diameter of ~32 Å, and six MOCs (red tile) assemble a βcage (yellow tile) that can fit a sphere of ~8.5 Å in diameter.
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Figure 3.8. MOCs are connected through hydrogen-bonding water molecules and sodium
atoms (top), yielding an α-cage (bottom left) and a β-cage (bottom right), which comprise
the lta-ZMOF.
Topologically, the framework can be viewed as an LTA-like network or an augmented
version of reo when the hydrogen-bonded and sodium-bridged vertex-vertex connections
are considered. However, the structure can be interpreted as nbo if only connections
through sodium ions are considered.
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Figure 3.9. (Top) the MOC in compound (3.4), showing simultaneous coordination of
the doubly deprotonated ligand molecules (HImDCA) to Cd (buff) and K (violet). The
presence of hydrogen atoms midway between carboxylate ions is due to intramolecular
H-bonds. The figure shows 24 K+ ions coordinated to the MOC but it should be noticed
that each K+ ion is sharing coordination to adjacent 3 MOCs (bottom, disordered
coordinated water molecules omitted for clarity), thus net number of K+ ions that belong
to a MOC is 8.
Compound (3.4) was obtained through similar reaction conditions of (3.2) but
substituting Zn2+ by Cd2+ ions, Figure 3.9. In the crystal structure of (3.4), the MOCs are
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connected through coordination of the outer carboxylate functionalities to K+ ions. In a
similar manner to compound (3.2), four, tetrahedrally arranged, K+ ions link four MOCs
through their vertices resulting in the AST topology of (3.4). Each K+ ion is coordinated
to three bi-dentate carboxylate functionalities (O−K distances 2.699−2.946Å) and
additional disordered water molecules (O−K distances 1.766−3.203Å).
Substituting K+ ion in (3.4) by Cs+ ions in (3.5), under essentially the same
reaction conditions, resulted in a ZMOF with AST topology where the MOCs are
connected through carboxylate-coordinated Cs+ ions. Four, tetrahedrally arranged Cs+
ions, link four cubes through a tetrahedral node, where the overall connectivity can be
represented by the underlying zeolitic AST topology. Each Cs+ ion is geometrically
disordered over three, closely-displaced, positions. Coordination of each Cs+ ion to three
bi-dentate carboxylate functionalities (O−Cs distances 2.871−3.292 Å) and additional
disordered water and DMF solvent molecules (DMF, O−Cs distance 3.359 Å, H2O, O−K
distances 3.359−3.996 Å). The observed disorder of Cs+ ions could be attributed to its
larger size as compared to the K+ ion, present in (3.4).
Compound (3.7) was prepared in a similar procedure to (3.1), through substituting
Co2+ ions for Zn2+. Compound (3.7) contains two distinguishable kinds of coordination
spheres around Co2+ ions. The Co2+ ions present in the MOC exhibit the intended facMN3O3 coordination sphere, while those on the exterior of the MOC exhibit trans-MO6
through coordination to four carboxylate oxygen atoms (O−Co distance 2.063Å), and two
oxygen atoms from two axial DMF ligands (O−Co distance 2.095Å). The MOCs in (3.7)
are simultaneously connected through edges (coordinated Co2+ ions) and vertices
(charge-assisted H-bonded guanidinium ions)
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Compound (3.8), Figure 3.10, represents an attempt to obtain an isostructural
compound to (3.1), however upon substituting Zn2+ by In3+ ions, an interesting
observation was made. The MOCs in (3.8) are connected through guanidinium ions but
no edge connections through bridging In3+ ions were detected. Although the intended Inbased MOCs were obtained and interconnected through guanidinium ions in close
similarity to (3.1), it appears that absence of edge connections through In3+ ions might be
attributed to the overall −12 charge of the MOC in (3.8), twelve triply deprotonated
ligands and eight In3+ ions. The charge balance is attained through eight guanidinium ions
and four dimethylammonium cations, presumably from solvothermal

Figure 3.10. Crystal structure of (3.8), showing the In-based MOC, one
dimethylammonium cation, and one H-bonded guanidinium ion.
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decomposition of DMF solvent molecules. This observation might point towards the
relative importance of the guanidinium ion as a structure directing agent (SDA) in
construction of the intended ZMOF. Per the definition of a SDA, being involved in
molecular recognition to the reactants and thus imparts order, guanidinium ions seem
very suited to be regarded as SDA in the synthesis of the above ZMOFs. However, in
synthesis of zeolites, the closely related and widely employed role of “template” refers
mostly to a guest molecule, usually cationic ammonium species, that direct the assembly
of reactants into a specific topology that is not accessible in absence of that specific
template, might not apply to our case. This is mainly due to that for an ionic or molecular
species to be considered as a true template in a reaction, it should be able to undergo
facile removal of the construct, most commonly through solvent or ion exchange
processes. This very aspect of a template is widely encountered in zeolite chemistry and
in ZMOFs constructed through the single-metal-ion MBB approach. However, in the astZMOFs presented herein, the guanidinium ions represent an integral part of the
framework that sustains its integrity and structural stability. Moreover, we were not
successful in our attempts to, post-synthetically, exchange guanidinium ions by a variety
of ammonium ions or alkali metal ions. This indicates that it is more appropriate to
consider guanidinium ions as SDAs while the question, in compounds (3.1), (3.6), and
(3.7), of whether or not guanidinium ions are necessary to obtain those compounds. As in
those compounds the extra metal ions provide the edge-linkage between the MOCs, the
importance of vertex linkage through guanidinium was of concern. Therefore, we
conducted the same experiments for compounds (3.1), (3.6), and (3.7) but in absence of
guanidinium ions and were not successful in isolating any crystalline or solid product,
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where the reaction mixture remains as clear solution. This observation led us to the
conclusion that guanidinium ions are acting as true SDAs, i.e. in absence of such species
the MOCs, formed in situ and remained as dissolved species, were not able to arrange in
a manner appropriate for the edge-linkage to establish.

3.1.3

Experimental
All materials and methods are described in chapter 2, unless otherwise noted. All

the ZMOFs reported herein are based on the 1H-4,5-imidazoledicarboxylic acid
(H3ImDC) ligand. Di- and tri-deprotonated ligand molecules in the crystal structures
reported are abbreviated HImDC and ImDC, respectively. All metal salts, solvents, and
the organic ligand, H3ImDC, were purchased from Aldrich Chemicals and used as
received without further purification. All values for yield% reported are based on the
amounts of transition metal used. All compounds were prepared by the author except
compound (3.3), prepared by Jacilynn A. Brant, and compound (3.6), prepared by Amy J.
Cairns. Those compounds were included to the close relation to the approach described
earlier and to demonstrate the versatility of this approach towards construction of ZMOFs
based on the directed assembly of MOCs as SBBs.
Synthesis of (3.1). H3ImDC (0.2 mmol), Zn(NO3)2⋅6H2O (0.2 mmol), N,N`dimethylformamide, DMF, (1 mL), H2O (1 mL) and guanidinium nitrate (0.2 mmol) were
mixed in a 25 mL scintillation vial. The reaction mixture was then heated to 115оC for 12
h and left to naturally cool down to room temperature. The resulted colorless polyhedral
crystals were collected, washed with methanol and let to air-dry (0.018g, 28.8% yield).
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The as-synthesized material is formulated as C92H128N56O60Zn12 and is insoluble in water
and common organic solvents. FT-IR (4000–600 cm-1): 1654 (vs), 1557 (m), 1547 (m),
1471 (s), 1397 (s), 1359 (w), 1255 (m), 1110 (m), 867 (w), 837 (w), 818 (m), 798(w), 669
(vs).
Synthesis of (3.2). H3ImDC (0.2 mmol), Zn(NO3)2⋅6H2O (0.2 mmol), DMF (1
mL), H2O (1 mL) and potassium chloride (0.2 mmol) were mixed in a capped 25 mL
scintillation vial. The reaction mixture was then heated to 115оC for 12 h and left to cool
down naturally to room temperature. The resulted colorless polyhedral crystals were
collected, washed with methanol and let to air-dry (0.026g, 31.8% yield). The assynthesized crystalline material is formulated as C75H83N29O65Zn8K8 and is insoluble in
water and common organic solvents. FT-IR (4000–600 cm-1): 1664 (m), 1558 (w), 1486
(vs), 1413 (w), 1354 (w), 1303 (m), 1253 (m), 1116 (w), 784 (m), 661 (vs).
Synthesis of (3.3). H3ImDC (0.087 mmol, 13.6 mg), Cd(NO3)2⋅4H2O (0.0435
mmol, 13.4 mg), N,N’-diethylformamide (1 mL), ethanol (0.25 mL), piperazine (0.1 mL,
0.58 M in DMF), sodium hydroxide (0.1 mL, 0.174 M in ethanol), and 2,4-pentanedione
(0.1 mL, 0.174 M in ethanol) were added to a 25 mL scintillation vial, which was then
sealed, heated to 85˚C and cooled to room temperature at a rate of 1˚C/min to produce
colorless, hexagonal prism-like crystals formulated as C70H132N28O90Cd8Na8 (0.0137 g,
64.7% yield). FT-IR (4000–600 cm-1): 1650.25 (w), 1622.59 (w), 1548.82 (s), 1484.49
(vs), 1437.5 (s), 1379.16 (s), 1298.34 (m), 1253.75 (m), 1217.09 (w), 1110.98 (m),
997.18 (w), 975.02 (w), 846.39 (w), 786.95 (s), 667.49 (vs), 655.87 (vs), 613.00 (s)
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Synthesis of (3.4). H3ImDC (0.2 mmol), Cd(NO3)2⋅4H2O (0.2 mmol), DMF (1
mL), H2O (1 mL) and potassium chloride (0.2 mmol) were mixed in a scintillation vial
(23 mL). The reaction mixture was then heated to 115оC for 12 hours and left to cool
down naturally to room temperature. Few colorless polyhedral crystals were collected for
characterization by single-crystal X-ray diffraction. The as-synthesized material is
formulated as C240H96N96O274K32Cd32, which insoluble in water and common organic
solvents.
Synthesis of (3.5). H3ImDC (0.2 mmol), Cd(NO3)2⋅4H2O (0.2 mmol), DMF (1
mL), H2O (1 mL) and cesium chloride (0.5 mmol) were mixed in a 25 mL scintillation
vial. The reaction mixture was then heated to 115оC for 12 hours and left to cool down
naturally to room temperature. Few colorless polyhedral crystals were collected, washed
with methanol and let to air-dry (0.017g, 16% yield). The as-synthesized material is
formulated as C288H192N112O240Cd32Cs32 and is insoluble in common organic solvents.
FT-IR (4000–600 cm-1): 1657 (m), 1542 (w), 1483 (s), 1378 (m), 1334 (vs), 11304 (s),
1255 (w), 1112 (m), 832 (s), 786 (w), 661 (m).
Synthesis of (3.6). H3ImDC (0.2 mmol), Mn(NO3)2⋅4H2O (0.2 mmol), DMF (1
mL), acetonitrile (1 mL) and guanidinium nitrate (0.2 mmol) were mixed in a 25 mL
scintillation vial. The reaction mixture was then heated to 115оC for 12 hours during
which colorless polyhedral crystals were obtained, formulated as C358H240N230O244Mn49.
The crystals were collected, washed with methanol and let to air-dry (0.0136g, 22.7%
yield). The as-synthesized material is insoluble in water and common organic solvents.
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FT-IR (4000–600 cm-1): 1653 (s), 1541 (w), 1473 (w), 1380 (vs), 1352 (s), 1245 (m),
1103 (m), 833 (m), 668 (s).
Synthesis of (3.7). H3ImDC (0.2 mmol), Co(NO3)2⋅4H2O (0.3 mmol), DMF (1
mL), and guanidinium nitrate (0.2 mmol) were mixed in a 25 mL scintillation vial. The
reaction mixture was then heated to 115оC for 12 hours during which pink polyhedral
crystals were obtained. The crystals were collected, washed with methanol and let to airdry (0.053 g, 61% yield). The as-synthesized material is formulated as
C358H240N221O245Co50 and is insoluble in water and common organic solvents. FT-IR
(4000–600 cm-1): 1652.1 (s), 1544.3 (s), 1465.8 (vs), 1393.5 (s), 1252.6 (m), 1104.3 (s),
865.9 (w), 796.5 (w), 669.6 (vs), 625.5(m).
Synthesis of (3.8). H3ImDC (0.2 mmol), In(NO3)2⋅4H2O (0.3 mmol), DMF (1
mL), and guanidinium nitrate (0.2 mmol) were mixed in a 25 mL scintillation vial. The
reaction mixture was then heated to 115оC for 12 hours during which few colorless
polyhedral crystals were isolated and subsequently used for single-crystal X-ray analysis.
The as-synthesized material is formulated as C272H288N192O337In32 using single-crystal Xray data.
X-ray Crystallography. All single-crystal X-ray diffraction studies reported
were conducted on a Bruker-AXS SMART APEX/CCD diffractometer using MoKα
radiation (λ = 0.7107 Å) operated at 2000 W power (50 kV, 40 mA). The X-ray
intensities were measured at 100(2) K. The frames were integrated with SAINT 13
software package with a narrow frame algorithm. The structure was solved using direct
methods and refined by full-matrix least-squares on │F│2. All crystallographic
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calculations were conducted with the SHELXTL 5.1 program package. 14 All nonhydrogen atoms, except for disordered solvent molecules, were refined anisotropically,
and hydrogen atoms were placed in geometrically calculated positions and included in the
refinement process. Additional details are presented in the corresponding tables.

3.1.4

Conclusion
Herein, we demonstrate that the utilization of MOPs as SBBs represents an

interesting approach towards rational design and synthesis of nanostructures, specifically
ZMOFs. MOCs, the MOPs of significance, bears structural similiarity to the D4Rs
peroiodic building blocks encountered in certain zeolites and hence offer the potential to
target and construct zeolite-like metal-organic frameworks sharing the same topology to
their inorganic counterparts. The aforementioned SBBs contain a hierarchy of
information regarding the evolution of single-metal ions, with anticipated coordination
geometries, deemed as rigid and directional vertices, via heterochelation, into MOPs that
can be used as defined high-connected building blocks to yield zeolitic frameworks. This
approach carries promising potentials to utilize other MOPs as highly-connected SBBs in
construction of specific networks where the SBB serves as the vertex figure of the desired
net.
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3.2

Insight Into the Self-assembly of MOCs

3.2.1

Introduction
Metal–organic materials (MOMs) represent a family of functional solid state

materials with great potentials to answer a number of current demanding applications
such as gas separation and storage, drug delivery, catalysis, small molecules sensing, ion
exchange, and CO2 sequestration.15 Such attributes are pertinent to the intrinsic
characteristics of MOMs including crystallinity, rigidity, and, in many cases, porosity.16
The crystalline nature of MOMs facilitates unambiguous structural characterization,
permitting better understanding of underlying structure−function relationship and
subsequently enhanced control over the targeted properties.17 It is through identification
of the underlying fundamental structural entities in MOMs, widely known as the
molecular building blocks (MBBs), that rational design strategies for construction of
functional MOMs were conceived, and further successfully implemented.18 The MBB
approach for construction of MOMs encompasses the in situ preparation of rigid and
directional MBBs through self-assembly of judiciously designed molecular precursors
encoded with appropriate information, complimentary molecular recognition sites held at
specific spatial orientation, under well−defined reaction conditions. Due to the relatively
mild reaction conditions employed in solvothermal syntheses of MOMs, the built−in
rigidity, functionality, and directionality of MBBs are maintained throughout the reaction
pathway, facilitating reliable prediction of the underlying topologies in targeted
constructs. Hence, geometrical design principles for construction of MOMs based on the
MBB approach were identified and further successfully implemented into rational design
145

strategies towards construction of several functional MOMs.19 From the above, it is
evident that judicial choice of pre-programmed MBBs, as well as careful design of the
reaction conditions necessary to afford such MBBs, in situ, are two inseparable elements
of design in any rational strategy for construction of functional MOMs. However, despite
the wide interest in developing new strategies to construct MOMs with specific
topologies and/or functionalities utilizing a wide variety of chemically−accessible MBBs,
systematic investigations aiming to probe the various effects associated with the wide
range of reaction variables on the nature of isolated product(s) are still lacking.20
Valuable information obtained through such systematic investigations could provide
useful insight into the crucial roles associated with various reaction variables facilitating
both the in situ preparation of targeted MBBs and, subsequently, their self-assembly into
targeted structures. Accordingly; better understanding of the complexity involved in
solvothermal reaction systems could be utilized to enhance our design strategies for
construction of functional MOMs.21d
Metal–organic polyhedra (MOPs), a subset of MOMs, are finite supermolecular
assemblies with various functionalities, tailorable voids, and fairly predictable
geometries.21 Pertinent to their ability to enclose a confined space, MOPs have been
utilized as “nano-reactors” facilitating specific chemical transformations of encapsulated
guest molecules.22 In addition, MOPs with peripheral functionalities can further be
employed as supermolecular building blocks (SBBs) with built-in structural information,
decorating and expanding the vertices of targeted 3D nets, towards construction of
metal−organic frameworks (MOFs). This approach has been developed and successfully
implemented by our group, among others, allowing access to non-default, n-connected (n
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≥ 8) nets with enhanced control over the resulted topology.23 Among the readily
accessible MOPs is the imidazolate-based metal–organic cube (MOC), reported by us,
24

and recently employed by our group as an 8-connected SBB forging novel zeolite-like

metal−organic frameworks (ZMOFs). The MOC, constructed through single-metal-ion
MBB approach, represents a relatively simple system suited for the intended systematic
study and thus is the focus of our investigations herein.
Solvothermal reaction of 2,2'-(1H-imidazole-4,5-diyl)di-1,4,5,6-tetrahydropyrimidine, H-L1, and CoCl2·6H2O, under the reported conditions, resulted in discrete,
cationic, CoIII-based MOCs, 3.9. This system represents a good study case to probe the
relative effects associated with the various reaction conditions on the self-assembly
and/or crystallization process of MOCs due to (i) available crystal structure of 3.9, (ii)
solubility of 3.9 in water and a variety of polar solvents to yield solvated MOCs,
3.9S,where structural integrity of the dissolved cubes is maintained in aqueous solution,
(iii) the profound and well-documented effects of paramagnetic high-spin CoII ions on the
chemical environments, especially protons, of coordinated ligand molecules, thus
allowing utilization of solution NMR spectroscopy techniques to probe the nature of
solvated species formed immediately after mixing, (iv) the presence of multiple protons
in L1 that proved useful in structural characterization through solution NMR studies
conducted herein, and (v) presence of characteristic absorption bands in the optical
spectrum range for the Co-L1 coordination complex(es), permitting solution
characterization through UV–vis spectroscopy. In addition, a relatively slow aerobic
redox transformation of coordinated paramagnetic CoII, in reactants, into diamagnetic
CoIII, in products, permits accurate contrast of reaction products from reactants.
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3.2.2

Results and Discussion
Analysis of X-ray Crystal Structures. In the crystal structures described below,

each mono-deprotonated L1 molecule coordinates to the metal ions in a bis-bidentate
fashion and can be considered as a linear linker bridging two metal ions. In L1, two of
the four 1,4,5,6-tetrahydro-pyrimidin-2-yl (thp) nitrogen atoms are pyridine-type (N3`)
while the other two are pyrrole-type atoms (N1`). Coordination to metal ions occurs only
through the N3` atoms of the thp rings, leaving the N1` atoms available as hydrogen bond
donors towards halides, nitrates, sulfates, or tetraflouroborates counterions present in
compounds 3.9-3.12 and 3.9(a-f).
Single Crystal X-ray Structure Analysis of 3.9. In the crystal structure of 3.9,
Figure 3.11, discrete MOCs crystallize in the cubic Pa-3 space group and are held
together through a network of multiple weak C−H⋅⋅⋅Cl hydrogen bonds. In 3.9, the Co−N
bond distances of 1.911−1.949 Å (thp), and 1.890−1.906 Å (imidazolate) are in good
agreement with bond distances found in similar CoIII complexes as determined from
analysis of Cambridge Structural Database (CSD, April 2009). The pyrrole-type nitrogen
atoms of the thp rings reside on the external surfaces of the MOCs and are involved in
hydrogen bond interactions to chloride ions. Residual electron density in the Fourier
difference map near N1` atoms were assigned to hydrogen atoms, further supporting the
proposed crystallographic model of mono deprotonated, imidazolate based ligand
molecules. Each MOC bears a total of twelve positive charges where charge balance is
attained by twelve chloride counterions, rendering it freely soluble in water, DMF, and
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Figure 3.11. Crystal structure of the metal–organic cube (MOC) in 3.9, chloride
counterions omitted for clarity. C (gray), N (blue), H (white), Co (deep red).

several alcohols. Six of the chloride ions decorate the faces of a MOC, where each
chloride ion is hydrogen bonded to three of the four nitrogen atoms on one face of the
MOC (N1`⋅⋅⋅Cl distances of 3.096−3.185 Å). In addition, each of these chloride ions is
hydrogen bonded to two hydrogen atoms (H⋅⋅⋅Cl distances of 2.697−2.739 Å, normalized
data) on two C5` atoms of a neighboring cube.
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Figure 3.12. (Left) crystal packing of the MOCs in 3.9 and (right) total of four MOCs in
the unit cell are highlighted and can be described as fourfold interpenetrated arrangement
of primitive cells.

The asymmetric unit in 3.9 contains a total of four MOCs adopting a primitive cubic
packing due to different orientations of each set of the MOCs, Figure 3.12.
One chloride ion occupies the cavity inside the MOC and the additional five
chloride ions, geometrically disordered over six positions, reside near the edges of the
MOC, hydrogen bonded to one N1` atom (N1`⋅⋅⋅Cl distance of 3.241 Å) while
simultaneously hydrogen bonded to two hydrogen atoms on the surface of a neighboring
MOC (C−H⋅⋅⋅Cl distances of 2.697−2.788 Å, normalized data). On each of the six faces
of a MOC in 3.9, two parallel imidazolate rings are separated by a centroid-to-centroid
distance of 5.507 Å. This distance was found to be dependent on the nature of
counterions present in the crystal structure, and could be attributed to variation in the size
of counterion, as well as, to the number and strength of hydrogen bond interactions to
N1` atoms of thp rings. In the crystal structure of 3.9, geometrical disorder between two
sites for the methylene carbon atoms C5` in the thp rings is observed.
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Table 3.2.1. Crystallographic data for 3.9-3.12 and 3.9(a-d).
Compound
Formula
Fwt, Z
Crystal system
Space group
a, Å
b, Å
c, Å
α
β
γ
Wavelength, Å
T, K
Final R indices,
[I>2σ(I)]
GOF on F2
Compound
Formula
Fwt, Z
Crystal system
Space group
a, Å
b, Å
c, Å
α
β
γ
Wavelength, Å
T, K
Final R indices [I>2σ(I)]
GOF on F2

3.9
C132 H180N72O4Co8Cl12
3729.96, 4
cubic
Pa-3
25.1026(13)
25.1026(13)
25.1026(13)
90
90
90
0.71073
100(2)
R1 = 0.0493,
wR2 = 0.1350
1.026
3.9a
C132H156N72O18Co8Br12
4469.65, 2
monoclinic
P21/n
17.758(5)
19.380(3)
24.772(6)
90
90.257(16)
90
1.54178
293(2)
R1 = 0.0825,
wR2 = 0.261
0.975

3 10
C132H126N84O40In8
4442.39, 3
trigonal
R-3
28.1055(4)
28.1055(4)
19.1669(6)
90
90
120
1.54178
100(2)
R1 = 0.058,
wR2 = 0.1352
1.025
3.9b
C135H149N73O56S6Co8
4362.07, 2
monoclinic
P21/n
20 3067(9)
18.7195(8)
24 9104(10)
90
93 1820(10)
90
1.54178
100(2)
R1 = 0.0826,
wR2 = 0.198
1.017

3.11
C56H88N32Ni4
1700.42, 4
orthorhombic
Pbca
17 377(6)
17 522(6)
24.717(8)
90
90
90
0.71073
100(2)
R1 = 0.0660,
wR2 = 0.1459
1.070
3.9c
C138H156N72O8S3Co10Cl16
4207.23, 2
monoclinic
C2/m
28 550(2)
22 5268(19)
19.4189(16)
90
131.977(3)
90
1.54178
293(2)
R1 = 0.0851,
wR2 = 0.1985
0.777

3.12
C14H22N8O4Cd
478.80, 4
monoclinic
P21/n
12.909(2)
12.0710(19)
12.950(2)
90
115.858(2)
90
0.71073
100(2)
R1 = 0.0401,
wR2 = 0.1005
1.051
3.9d
C132H158N84O57Co8
4304.86, 2
monoclinic
P21/n
20.1771(5)
19.4260(5)
22.8118(6)
90
90
90
1.54178
100(2)
R1 = 0.0546,
wR2 = 0.1076
0.836

Single Crystal X-ray Structure Analysis of 3.9a. In the crystal structure of 3.9a,
the cationic charges of CoIII MOCs are balanced by a total of twelve bromide counterions
and crystallize in the monoclinic P21/n space group. Six bromide counterions decorate
the faces of a MOC where hydrogen bond interactions between bromide ions and the
pyrrole-type nitrogen atoms are present (N1`⋅⋅⋅Br distances of 3.0−3.394 Å), in a similar
manner observed in 3.9. One bromide ion occupies the cavity inside the MOC and the
additional 5 bromide ions are highly disordered through the structure. Geometric disorder
to the aliphatic carbon atoms C5` of coordinated ligand molecules is present. The Co–N
bond distances, 1.916−1.986 Å (thp) and 1.841−1.907 Å (imidazolate), closely matches
those observed in 3.9. On each of the six faces of a MOC, two parallel imidazolate rings
are separated by centroid-to-centroid distances of 5.627−5.697 Å.
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Figure 3.13. Crystal packing of the MOCs in 3.9a.

Single Crystal X-ray Structure Analysis of 3.9b. MOCs in 3.9b crystallize in
the monoclinic, P21/n space group where each face of a MOC is decorated by sulfate
counterion H-bonded to N1` atoms of thp rings, Figure 3.14, 3.14. Each sulfate
counterion is hydrogen bonded through two oxygen atoms to four N1` (N1`⋅⋅⋅O–S
distances of 2.824−3.057 Å). Such multiple interactions between each sulfate ion and the
N1` atoms appear to cause a noticeable decrease in the centroid-to-centroid distance
(5.375−5.408 Å) between the two parallel imidazolate rings on each of the six faces of
the cube, shorter than those observed in 3.9 and 3.9a for chloride (5.505 Å) and bromide
(5.627−5.697 Å) counterions, respectively. The Co–N bond distances of 1.917−1.994 Å
(thp), and 1.89−1.895 Å (imidazolate), closely matches those observed in 3.9 and 3.9a.
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Figure 3.14. Crystal structure of the metal–organic cube (MOC) in 3.9b. C (gray), S
(yellow), O (red) N (blue), H (white), Co (deep red).

Figure 3.15. Crystal packing of the MOCs in 3.9b.
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Single Crystal X-ray Structure Analysis of 3.9c. In 3.9c, discrete CoIII-MOCs
crystallize in the monoclinic C2/m space group. The twelve positive charged on each
MOC are counterbalanced by two [CoCl4]2- species and eight Cl- ions. The [CoCl4]2- ions
are involved in weak hydrogen bond interactions to the adjacent MOC (C−H⋅⋅⋅Cl
distances of 2.608−2.935Å, normalized data), Figures 3.16 and 3.17. Several of the
chloride counterions are H-bonded to the faces of the MOC (N⋅⋅⋅Cl distances of
3.21−3.615 Å). In the MOC, Co–N bond distances of 1.945−1.953 Å (thp) and
1.88−1.901 Å (imidazolate) are in close agreement with those observed in compounds 3.9
and 3.9(a-b). On each of the six faces of a MOC, two parallel imidazolate rings are
separated by centroid-to-centroid distances of 5.569−5.58 Å.

Figure 3.16. Crystal structure of 3.9c, the MOC is shown surrounded by [CoCl4]2- and
chloride ions. C (gray), Co (red), N (blue), H (white), Cl (green), solvent molecules
omitted for clarity.
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Figure 3.17. Crystal packing of the MOCs in 3.9c.

Table 3.2.2. Crystallographic data for 3.9e and 3.9f.
Formula
Fwt, Z
Crystal system
Space group
a, Å
b, Å
c, Å
α
β
γ
Wavelength, Å
T, K
Final R indices
[I>2σ(I)]
GOF on F2

1e
C138H178N74O16B12Co8F48
4646.7, 4
monoclinic
C2/c
31.693(3)
20.047(4)
32.309(6)
90
109.50(3)
90
1.54180
100(2)

1f
C132H168N72O40Co8Cl12
4300.22, 4
monoclinic
C2/c
33.008(8)
19.253(5)
32.654(7)
90
116.116(5)
90
1.54180
100(2)

0.0789, wR2 = 0.1715

0.0714, wR2 = 0.1662

0.947

1.022

Table 3.2.3. Summary of the experimental conditions for 3.9-3.12 and 3.9(a-e)
Compound
Metal ion

3.9

3.9a

3.9b

Co3+

Co3+

Co3+
2

3.9c

3.9d

3.9e

3.9f

3.10

3.11

3.12

Co3+

Co3+

Co3+

Co3+

In3+

Ni2+

Cd2+

Cl−

(NO3)−

(NO3)−

(NO3)−

DMF

DMF

1
85 C

1
85 C

Cl−

Br−

(SO4)
−

[CoCl4]−

(NO3)−

(BF4)−

H2O/
DMF

H2O/
DMF

H2O/
DMF

H2O/DMSO

H2O/DEF

H2O/
DMF

H-L1 equiv
1.5
Temperature 115 C

1.5
115 C

1.5
115 C

1.5
115 C

1.5
r.t.

1.5
115 C

Counterion
Solvent
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H2O/
DEF/Et
HMP
OH
A
1.5
1.5
115 C 85 C

Single Crystal X-ray Structure Analysis of 3.9d. The cationic MOCs in 3.9d
crystallize in the P21/n space group, Figure 3.18, where the cationic charges are balanced
by twelve disordered and/or hydrated nitrate counterions. One nitrate ion occupies the
cavity inside the MOC and is hydrogen bonded to the C2 hydrogen atoms of the
imidazolate rings, (C···O distances of 2.268−2.901 Å). The remaining nitrates ions are
hydrogen bonded to the N1` atoms of the ligand molecules, decorating the faces (N···O
distances of 2.903−3.067 Å) and the edges (N···O distances of 2.894−2.981 Å) of the
MOC. In the crystal structure of 3.9d, the MOCs are held together through bridging,
hydrogen bonded, nitrate counterions. In the MOC, Co–N bond distances of 1.932−1.95
Å (thp) and 1.899−1.921 Å (imidazolate) are in close agreement with those observed in
compounds 3.9 and 3.9(a-c). On each of the six faces of a MOC, two parallel imidazolate
rings are separated by centroid-to-centroid distances of 5.623−5.69 Å.

Figure 3.18. Crystal packing of the MOCs in 3.9d.
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Single Crystal X-ray Structure Analysis of 3.9e. The cationic MOCs in 3.9e
crystallize in the C2/c space group, Figure 3.19, where the cationic charges are balanced
by twelve (BF4)−counterions. One disordered (BF4)− ion occupies the cavity inside the
MOC while the remaining disordered (BF4)− ions are hydrogen bonded to the N1` atoms
of the ligand molecules, decorating the faces and edges of the MOC. In the crystal
structure of 3.9e, the MOCs are held together through bridging, hydrogen bonded, (BF4)−
counterions. In the MOC, Co–N bond distances of 1.937−1.940 Å (thp) and 1.896−1.918
Å (imidazolate) are in close agreement with those observed in compounds 3.9 and 3.9(ad). In 3.9e, each MOC cocrystallize with two DMF solvent molecules hydrogen bonded
to two faces of the MOC, (N···O distances of 2.806−2.849 Å). On each of the six faces of
a MOC, two parallel imidazolate rings are separated by centroid-to-centroid distance of
5.631−5.672Å.

Figure 3.19. Crystal packing of the MOCs in 3.9e.
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Single Crystal X-ray Structure Analysis of 3.9f. The cationic MOCs in 3.9f
crystallize in the C2/c space group, Figure 3.20, where the cationic charges are balanced
by twelve chloride counterions. One chloride ion occupies the cavity inside the MOC.
The remaining chloride ions are hydrogen bonded to the N1` atoms of the ligand
molecules, decorating the faces (N···Cl distances of 3.139−3.231 Å) and the edges (N···Cl
distances of 2.888−3.141 Å) of the MOC. In the crystal structure of 3.9f, the MOCs are
held together through bridging, hydrogen bonded, water molecules. In the MOC, Co–N
bond distances of 1.937−1.956 Å (thp) and 1.895−1.909 Å (imidazolate) are in close
agreement with those observed in compounds 3.9 and 3.9(a-e). On each of the six faces
of a MOC, two parallel imidazolate rings are separated by centroid-to-centroid distances
of 5.641−5.661 Å.

Figure 3.20. Crystal packing of the MOCs in 3.9f.
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Single Crystal X-ray Structure Analysis of 3.10. The cationic InIII-MOCs in
3.10 crystallize in the R-3 space group, Figures 3.21- 3.22, the cationic charges are
balanced by twelve nitrate counterions. One nitrate ion occupies the cavity inside the
MOC. Six nitrates ions are hydrogen bonded to the N1` atoms of the ligand molecules on
the faces of the MOC (N···O distances of 2.706−3.032 Å). In the crystal structure of 3.10,
the MOCs are held together through bridging, hydrogen bonded, water molecules. In the
MOC, In–N bond distances of 2.176−2.25 Å (thp) and 2.203−2.223 Å (imidazolate). On
each of the six faces of a MOC, two parallel imidazolate rings are separated by centroidto-centroid distances of 6.465 Å.

Figure 3.21. Crystal structure of 3.10, the MOC is shown, disordered nitrate counterions
omitted for clarity. C (gray), In (green), N (blue), H (white).
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Figure 3.22. Crystal packing of the MOCs in 3.10.

Single Crystal X-ray Structure Analysis of 3.11. In the crystal structure of 3.11,
discrete molecular squares crystallize in the orthorhombic Pbca space group, Figure 3.23,
and constructed from octahedrally−coordinated Ni ions in cis-MN4O2 configuration and
bridged through four mono-deprotonated L1 molecules. In the molecular square, each Ni
(II) ion is coordinated to nitrate ion in bidentate fashion resulting in overall charge neutral
molecular squares. Each molecular square cocrystallize with two DMF solvent
molecules. The four ligand molecules in the molecular squares are hydrogen bonded
through N1` atoms of the ligand molecules to four DMF molecules (N···O distances of
2.897−2.99 Å). Intramolecular H-bonds between the two thp rings of the molecular
square are detected (N−H···N distances of 2.123−2.631 Å, normalized data). In the
molecular squares, Ni–N bond distances of 2.033−2.073 Å (thp) and2.023−2.045 Å
(imidazolate).
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Figure 3.23. Crystal packing of the metal−organic squares in 3.11.

Single Crystal X-ray Structure Analysis of 3.12. The infinite molecular chains
in 3.12 result from association of the linear linker, L1, and the octahedrally coordinated
Cd ions in distorted octahedral cis-MN4O2 geometry, Figure 3.24. Each ligand in the
molecular chains is H-bonded to one DMF solvent molecule and to a nitrate ion of
adjacent chain. Furthermore, intramolecular H-bonds exist between the sp3-type N1`
atoms of the coordinated ligand molecules (N−H···N distances of 2.249−2.588 Å,
normalized data). The ligand molecules are mono-deprotonated resulting in overall
charge neutral molecular chains. In 3.12, Cd–N bond distances of 2.231−2.269 Å (thp)
and 2.311−2.374 Å (imidazolate) are observed.
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Figure 3.24. Crystal structure of 3.12, molecular chains of [Cd(L1)(NO3)]n, C (gray), Cd
(buff), N (blue), H (white), O (red). DMF solvent molecules omitted for clarity.

MALDI−TOF MS Experiments. While the calculated molecular weight of the
MOC, including chloride counterions, is 3672.815 amu, the MALDI–TOF mass spectrum
of 3.9 exhibits a molecular ion peak of singly-charged species with wide isotope
distribution and a maximum relative intensity at m/z = 3238.353 (calcd 3238.008)
assigned to [Co8(C11N6H14)12]+, along with several other molecular fragments at m/z =
1966.323 (calcd 1966.632) [Co5(C11N6H16)2(C11N6H14)5(H2O)3]+, 1677.198 (calcd
1677.449) [Co5(C11N6H16)(C11N6H14)5]+, 1444.994 (calcd 1445.305) [Co5(C11N6H14)5]+,
1157.737 (calcd 1157.250) [Co4 (C11N6H14)4]+, 811.339 (calcd 811.266) [Co2(C11N6H14)
(C11N6H15)2]+, and 522.164 (calcd 522.204) [Co2(C11N6H15)2]+, Figure 3.25. The
observed molecular ion peak was assigned to a single ionization of the MOC after
dissociation of twelve HCl molecules. While observation of such fragments of the MOC
could be explained as products of molecular ion fragmentation, the possibility of
establishing equilibra between the MOC and its fragments, in solution during sample
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preparation, prior to subjecting the sample to ionization cannot be ruled out based solely
on the MALDI−TOF MS results. In another experiment, MALDI−TOF MS spectrum was
acquired for the sample subjected to solution NMR spectroscopy, directly after mixing of
H-L1 (0.15 mmol) and CoCl2·6(H2O) (0.1 mmol) in 1 mL aqueous solution at room
temperature, in order to characterize the species present in the reaction mixture. The
obtained spectrum was very similar to that obtained for dissolved crystals of 3.9, with the
exception of the molecular ion peak for the MOC. This could simply be due to different
sample treatment where it is known that MOPs are generally unstable for detection under
common MS techniques.16 However; this observation strongly suggests formation of the
MOC, or at least several large fragments of the MOC, simply upon reactants mixing in
aqueous solution at ambient conditions.

Figure 3.25. Schematic representation of the MOC and its major fragments observed in
the MALDI−TOF mass spectra of 3.9.
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Figure 3.26. Molecular ion in the MALDI-TOF MS for 3.9.

Nuclear Magnetic Resonance Experiments. The ligand molecule, H-L1, is a
symmetrically di-substituted imidazole derivative bearing amidine functional groups and
methylene hydrogen atoms in the two thp rings. Therefore, the characteristic features of
such functionalities are expected to be observed in the NMR spectra of H-L1. For
imidazole, even at high pH aqueous solution, rapid prototropic tautomerization involving
the ring’s nitrogen atoms N1(3) results in an observed average chemical environment for
the C4(5) atoms.17 Amidine functional groups, in general, are also known to undergo
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rapid prototropic tautomerization 31which, if present in aqueous solution of H-L1, is
expected to result in an observed average chemical shift for the C4`(6`) atoms of the thp
rings. In addition to prototropic tautomerization, protonation of the basic nitrogen atoms
of amidine and imidazole, especially in aqueous solution, is expected to form amidinium
and imidazolium ions, respectively, stabilized by charge delocalization through
resonance. Therefore, it is expected that either protonation or rapid tautomerization
involving the basic nitrogen functionalities present in H-L1, or a combination thereof, in
aqueous solution, will result in observed average chemical shifts for C4(5) of imidazole
and the C4`(6`) of thp rings, Scheme 3.1.

Scheme 3.1. Numbering and prototropic tautomerization in H-L1

Indeed, the ligand molecules, in either D2O or DMSO-d6 solution, exhibit a
simple 1H NMR pattern (DMSO-d6, 399.78 MHz): δ = 7.15 (s, 1 H), 3.35 (t, J = 5.65 Hz,
8 H), 1.75 ppm (quin, J = 5.70 Hz, 4 H), 13C NMR (DMSO-d6, 100.54 MHz): δ = 153.46,
144.41, 132.59, 39.67, 20.16 ppm. The 13C NMR spectrum of H-L1 in DMSO-d6 clearly
indicates chemical shift equivalence for C4`(6`) atoms of the thp rings (δ = 39.67 ppm) as
well as the C4(5) atoms of the imidazole ring (δ = 132.59 ppm). The simple pattern for
the DMSO-d6 1H NMR spectrum of H-L1 indicates absence of geminal
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(a)

(b)

Figure 3.27. 1H NMR spectrum of H-L1 in D2O acquired at 298 K with inserts of
magnified (a) quintet at 1.97 ppm and (b) triplet at 3.5 ppm. * = Solvent peak, x = DSS
peaks, used as internal standard.

coupling between homotopic methylene protons, which could be ascribed to symmetry
introduced to the thp ring, mirror plane through C2` and C5`, due to a fast
tautomerization and/or protonation of the basic amidine nitrogen atoms, vide supra. The
D2O 1H NMR spectrum, pD = 11.2, of H-L1 (D2O, 399.78 MHz): δ = 7.47 (s, 1 H), 3.5
(t, J = 5.7 Hz, 8 H), 1.97 ppm (quin, J = 5.8 Hz, 4 H) referenced to the signal of DSS at 0
ppm, Figure 3.27, exhibits an identical pattern to that acquired in DMSO-d6 but with
noticeable small shifts toward higher frequencies which could be ascribed to formation of
the conjugate acid(s) through protonation in aqueous solution of H-L1, as expected for
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such basic functionalities.
Formation of the MOC in 1 presumably proceeds through coordination of CoII ion
by the pyridine-type nitrogen of imidazole, facilitating deprotonation of the pyrrole-type
nitrogen18 and thus permitting subsequent coordination to a second CoII ion. Chelation of
the two cobalt cations occurs through coordination to the pyridine-type nitrogen atoms
(N3`) of the thp rings in L1. Subsequent redox process involving molecular oxygen as the
oxidant results in formation of the CoIII MOCs. The chemically-balanced equation for the
overall reaction is described in eq. 3.1.
8 CoCl2+ 12 H-L1+ 2 O2

[Co8L112]Cl12+ 4 HCl+ 4 H2O (3.1)

The observation of CoII/III redox process, under the aerobic synthesis conditions of
3.9, appears to be facilitated through deprotonation of H-L1 and thus indicates a protoncoupled electron transfer reaction. In related CoII-imidazole complexes, where no
deprotonation of the imidazole ring occurred, aerobic oxidation of CoII ions was not
detected,19 clearly indicating tuneability of the redox potentials for the coordinated metal
center through control of the ligand-field strength. Several examples of stable CoIIimidazole complexes can be encountered in literature where CoII/III transformation were
observed in octahedral Co-N6 complexes containing the imidazolate ligands33a, 34 Upon
coordination to Co ions, the symmetry of thp ring is expected to be reduced, compared to
free ligand in solution, due to forbidden tautomerization and/or protonation. The
decreased mobility of C–N double bonds in cobalt-coordinated thp rings facilitates
isolation of one tautomer of the amidine functional group, characterized through single
crystal X-ray diffraction analysis of 3.9. Coordination of L1, in bis-bidentate fashion, to
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two cobalt ions results in a spin-spin splitting pattern, characteristic of diasteriotopic
protons, in the 1H NMR spectrum for diamagnetic products of the reaction mixture.
Observation of diasteriotopic methylene protons in coordinated L1 molecules can be
explained by introducing chiral centers (CoIII-N6 tris-chelates) 35 in the complex(es)
formed, and thus gives a strong indication for the formation of the MOC, or its
corresponding molecular fragments, in solution. Furthermore, due to simultaneous
coordination of imidazolate ring to two cobalt ions, chemical shift equivalence for
imidazolate C4(5) atoms is expected.
Indeed, dissolving crystals of 3.9 in D2O (referred to as 3.9S), at r.t. resulted in 1H
NMR spectrum, Figure 4, where the expected diasteriotopic proton spin-spin splitting
patterns are observed. The 1H NMR spectrum of 3.9S reveals seven distinct chemical
shifts with all the six methylene protons being diasteriotopic, 1H NMR (D2O, 399.78
MHz): δ = 6.09 (s, 1H), 3.45 - 3.56 (m, 2 H), 3.36 - 3.44 (m, 2H), 3.20 - 3.31 (m, 2H),
2.80 - 2.84 (m, 2H), 2.05 - 2.18 (m, 2H), 1.61 - 1.75 ppm (m, 2H),Figure 3.28 and Table
3.2.4. In agreement with the proposed assignment for the proton peaks in the 1H NMR
spectrum of 3.9S, to represent bis-bidentate, cobalt-coordinated L1 molecules, the 13C
NMR spectrum (D2O, 100.54 MHz): δ = 155.7, 143.6, 135.9, 43.7, 39.2, 21.4 ppm,
indicates chemical shift equivalence of imidazolate C4(5) atoms (143.6 ppm) and nondegenerate C4` (43.7 ppm) and C6` (39.2 ppm) of the thp rings. Furthermore, as no proton signals
were detected in the paramagnetic region of the spectrum, it is concluded that aqueous solution of
3.9 contains the diamagnetic, low-spin CoIII complex(es), in agreement with the crystallographic
model of CoIII MOCs in 3.9.Therefore, it is evident that both 1H and 13C NMR spectra of 3.9S
indicate presence of L1 molecules coordinated to CoIII ions in a bis-bidentate fashion with
suppressed
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Figure3.28. 1H NMR spectrum (top) and 13C NMR spectrum (below) of 3.9S in D2O,
spectra acquired at 298 K, proton spectrum referenced to the DSS singlet at 0 ppm as
internal standard. * = Solvent peak, x = DMF peaks.
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Nucleus

H-L1
1

3.9S
13

H

C

1

H

13

C

H(2)Im / C2 Im

7.15 (s, 1 H)

144.41

6.09 (s, 1H)

143.6

H6`(a*) thp / C6` thp

3.35 (t, J = 5.65 Hz, 2H)

39.67

3.36 - 3.44 (m, 2H)

39.2

H6`(e*) thp / C6` thp

3.35 (t, J = 5.65 Hz, 2H)

39.67

3.45 -3.56 (m, 2 H)

39.2

H5`(a) thp / C5` thp

1.75 (quin, J = 5.70 Hz, 2H)

20.16

1.61 - 1.75 (m, 2H)

21.4

H5`(e) thp / C5` thp

1.75 (quin, J = 5.70 Hz,2H)

20.16

2.05 - 2.18 (m, 2H)

21.4

H4`(a) thp / C4` thp

3.35 (t, J = 5.65 Hz, 2H)

39.67

2.80 - 2.84 (m, 2H)

43.7

H4`(e) thp / C4` thp

3.35 (t, J = 5.65 Hz, 2H)

39.67

3.20 - 3.31 (m, 2H)

43.7

Table 3.2.5. 1H and 13C NMR peak assignments for H-L1 in DMSO-d6 and 3.9S in D2O,
δ reported in ppm. * a = axial, e = equatorial thp ring protons.
prototropic tautomerization of amidine functionalities. In addition, the relative integrals
of 1H signals strongly indicate presence of mono-dispersed species which we assigned as
the dissolved MOCs. The absence of other detectable proton signals that could be
assigned to either partially or uncoordinated ligand molecules, strongly suggests
formation of 3.9S with maintained integrity of MOCs in aqueous solution where it is
evident that dissociation of 3.9S would result in libration of free ligand molecules and
hydrated cobalt ions. Furthermore, addition of excess CoII ions to the D2O solution of
3.9S did not result in any observed isotropically-shifted 1H signals, expected upon
coordination of L1 to the paramagnetic CoII ions, confirming the stability of 3.9S towards
metal ion-exchange in aqueous solution, where L1 molecules remain coordinated to CoIII
ions. From the above, it is concluded that dissolution of 3.9, in D2O at r.t., results in
formation of solvated MOCs 3.9S with no detectable dissociation products. Distortionless
enhancement through polarization transfer (DEPT), 1H-1H correlation (gCOSY), and 1H13

C heteronuclear single quantum correlation (gHSQC) NMR experiments for 3.9S

further support the chemical shifts and spin systems assignments, Figures D2-D4 in
appendix D. The majority of 1H and 13C NMR signals of 3.9S are shifted toward higher
chemical shift values relative to those of H-L1, indicating metal ion chelation by the
170

ligand molecules. However, the 13C NMR signal of the imidazolate C2 atom appears at
lower frequency in 3.9S compared to H-L1 (∆δ= −0.987 ppm), most probably due to an
increase in electron density caused by deprotonation of acidic imidazole proton prior to
second Co coordination.
To further probe the nature of solvated species, the hydrodynamic radius of the
molecular assembly was calculated from measurement of the diffusion coefficient
obtained through 1H 2D−DOSY NMR experiment. The NMR diffusion measurements
were performed using a 1.2 mM D2O solution of 3.9 on a Varian Inova-500MHz
spectrometer equipped with 5 mm Performa II pulsed-field gradient probe where the
sample was held at 298 ± 0.1 K using a variable temperature control unit. For the
determination of self-diffusion coefficients, the calibrated 1H 90° pulse of 8 µs was used
and the sample temperature was equilibrated at 298 ± 0.1 K (calibrated with neat
methanol sample) for at least 10 min prior to acquisition. The number of accumulation
times was fixed at 256 preceded by 4 dummy scans in all measurements. The 1H
2D−DOSY spectra were recorded using the convection−corrected bipolar pulse pairs
stimulated echo pulse sequence (Dbppste_cc) implemented in the Varian Vnmrj software
package, Figure D11 (appendix D). The natural logarithm of the ratio of signal integrals,
A and A0, in the presence and absence of the pulsed-field gradient, respectively, is
proportional to the square, G2, of the gradient magnitude according to eq. 3.2
ln(A/A0) = − Dγ2(∆ − δ/3) δ2G2

(3.2)

where γ is the magnetogyric ratio of 1H, ∆ is the interval between the two gradient pulses,
and δ is the gradient pulse width. 36
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Constant values of 4 and 100 ms were used for δ and ∆, respectively. The gradient
magnitude, g, was calibrated with a known value of D = 18.5 x 10-10 m2 s-1 for heavy
water at 298 K.37 In the measurement, a set of 15 different values of g was employed and
the average value of D = 1.73 ± 0.01 x 10-10 m2 s-1 was obtained for the 1H peaks of 3.9S.
Through the spherical approximation in Einstein-Stokes equation, D = KT / (6πηr), where
D is the diffusion coefficient measured, T is the absolute temperature, K is Boltzmann
constant, and η (1.1 x 10-3 kg m-1 s-1 for D2O at 298K) is the solution viscosity, the
extracted hydrodynamic radius, r = 11.5 Ǻ, is in close agreement with the radius, ca. 9.25
Ǻ, of the MOC in the crystal structure of 3.9. The larger hydrodynamic radius measured
could be accounted for by presence of first solvation shell around the solvated MOC.
To explore the nature of species present in the initial reaction mixture, shortly
after mixing, 1H NMR spectrum of a freshly prepared solution of CoCl2·6H2O (0.0237 g,
0.1 mmol) and H-L1 (0.0348 g, 0.15 mmol) in 1 mL of D2O under anaerobic conditions
was acquired. The spectrum obtained exhibits a well-resolved pattern of isotropically
shifted proton signals, due to coordination of ligand molecules to paramagnetic CoII ions,
Figure 3.29. A line-broadening factor of 10 Hz was introduced to the spectra containing
isotropically shifted proton signals via exponential multiplication prior to Fourier
transformation to enhance the signal-to-noise ratio, 1H NMR (D2O, 399.78 MHz): δ =
51.3 (br. s., 1H), 23.546 (br. s., 1H), 21.969 (br. s., 1H), 17.105 (br. s., 1H), 13.452 (br. s.,
1H), 12.763 (br. s., 1H), 10.608 (br. s., 1H), 10.168 (br. s., 1H), 9.319 (br. s., 1H), 8.68
(br. s., 1H), 7.652 (br. s., 1H), −14.4 (br. s., 1H), −20.7 ppm (br. s., 1H). The 1H NMR
spectrum of the reaction mixture revealed 13 different chemical shifts characteristic of
both contact and spin-delocalization effects of paramagnetic CoII ions to the 1H signals of
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Figure 3.29. (Top) 1H NMR spectrum of the reaction mixture of CoCl2 (0.1 mmol) and
H-L1 (0.15 mmol) in 1 mL D2O after mixing at 298K, (below) the 4−24 ppm region of
the spectrum magnified. * = HDO solvent peak used as internal reference at 4.76 ppm.
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CoII-coordinated ligand molecules. As the ligand molecule possess two chelation sites,
coordination to one site was considered as a possible explanation for the observed pattern
in the 1H NMR spectrum of the anaerobic reaction mixture. This is to be expected,
especially in aqueous solution due to competitive protonation of the basic amidine
functionality. However, no changes were detected to the spectrum upon addition of
NaOCH3 (0.15 mmol) as a base, suggesting that the observed spectrum corresponds to
bis-bidentate, mono-deprotonated L1 molecules bridging two CoII ions.
Interestingly, the number of observed proton signals matches the total number of
non solvent-exchangeable proton nuclei present in the ligand molecule. This observation
suggests that each proton is chemically distinguishable in the CoII complex(es) obtained.
One possible model to explain this finding assumes non-equivalent chemical
environments for the two thp rings through non planar conformation of the two rings,
with respect to the central imidazole ring. This molecular conformation results in
different ring proximity to the coordinated CoII ions. Indeed, the geometrically-optimized
model of the simple fragment [Co2(L1)(H2O)8]3+, Figure 3.30, indicates presence of an
intra-molecular hydrogen bond interaction between N3` atoms of thp rings. This
interaction, also detected in the crystal structure of 3.9, along with unfavorable steric
interaction for coplanar thp rings conformation, appear to induce out-of-plane
displacement of the two rings resulting in slight, but detectable, differences in proximity
of the rings’ proton nuclei to the coordinated CoII ions. It is obvious that such effect can
cause noticeable differences in the chemical shifts and spin−lattice relaxation times of
the, otherwise, structurally-similar thp protons. Because the paramagnetic contribution to
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Figure 3.30. The B3LYP/LANL2DZ geometrically-optimized model for the
[Co2(L1)(H2O)8]3+ fragment.

Figure 3.31. Cobalt-to-proton, rCo-H, distances obtained through T1 measurements,
referenced to the signal at 8.68 ppm (T1 = 0.071 s, rCo-H = 5.324 Å as extracted from the
geometrically-optimized model)
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Table 3.2.6. Experimental spin−lattice relaxation times (T1) for 1H signals (in the 7-24
ppm chemical shift range) of the paramagnetic reaction mixture, the corresponding
cobalt-to-proton (rCo-H) distances relative to the reference distance of 5.324 Å for the
proton at δ = 8.68 ppm, and the rCo-H distances obtained from the geometrically-optimized
model of [Co2(L1)(H2O)8]3+ fragment.

Chemical Shift
δ (ppm)
7.652
8.68
9.319
10.168
10.608
12.763
13.452
17.105
21.969
23.546

rCo-H
(experimental)
5.683
5.324
5.831
5.495
5.490
4.370
4.943
4.443
3.386
3.858

T1 (s)
0.1051
0.07104
0.1226
0.0859
0.0854
0.02174
0.0455
0.024
0.0047
0.01029

rCo-H
(model)
5.953
5.324
5.89
5.345
5.452
4.506
5.285
4.742
3.499
3.692

the nuclear spin−lattice relaxation time (T1) in paramagnetic metal complexes is
dependent on the sixth power of the metal−nucleus distance, rM-H, a large error in the T1
measurement (e.g., ~50%) would only result in a small error in distance (i.e., <10%).
Moreover, relative distances can be easily obtained with respect to a reference nucleus
employing the relation rM−H = [(T1/T1(ref))1/6 × rM−H(ref)], where T1 and T1(ref) are the
experimental spin−lattice relaxation times for the nucleus of interest and a reference
nucleus, respectively. 38 Proton spin−lattice relaxation times for the majority of
isotropically shifted proton signals were determined using the inversion recovery
technique (D1−180°−τ−90°−FID) with 15 different τ values, Table 3.2.5. The signal at
8.69 ppm (T1 = 0.071 s) was assigned to the equatorial proton on C6` atom in thp ring
furthest from CoII, and employed as the reference nucleus. The rCo-H distances obtained
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from experimental T1 measurements correlate well with those from the model, Figure
3.31, further supporting the argument for formation of bis-bidentate, mono-deprotonated
L1 molecules, bridging two CoII ions upon reactants mixing.
Over a period of 12 h under aerobic conditions and at r.t., gradual decrease in
paramagnetic proton integrals with concomitant appearance of several proton signals in
the diamagnetic region of the spectrum indicates a CoII/III transformation due to aerobic
oxidation of coordinated CoII ions. Throughout the aerobic oxidation process we did not
detect any changes in the number nor chemical shifts of the isotropically shifted proton
signals, suggesting maintained geometry of the initial complex(es) while undergoing
transformation into diamagnetic products. Under anaerobic conditions, the characteristic
spectrum of paramagnetic CoII-complex(es) is maintained with no detectable changes,
confirming the identity of the oxidant as molecular oxygen.
Moreover, the observed diamagnetic signals obtained upon aerobic oxidation of
the reaction mixture, in absence of the base, correlate well to the .spectrum of 3.9S,
solvated MOCs, with a noticeable presence of free ligand molecules, as indicated by the
characteristic 1H signals for uncoordinated ligand molecules. The presence of
uncoordinated ligand molecules is attributed to competitive protonation in aqueous
solution (pH = 5.76), establishing an equilibrium between Co-coordinated and protonated
[H2-L1]+ species, eq. 3.3. The spectrum obtained for the aerobic reaction mixture, upon
addition of the NaOCH3 base, closely matches that of 3.9S with no detectable signals of
free ligand molecules, indicating quantitative formation of the MOCs in aqueous solution
upon reactants mixing at correct stoichiometry and at r.t.
H-L1 + H2O

[H2-L1]+ + OH177

(3.3)

Solution UV−vis Spectroscopy. The freshly prepared aqueous solution of CoCl2
and H-L1 exhibits a characteristic absorption band in the visible 400~600 nm range (ε480
= 175 M-1 cm-1). Upon standing at r.t. under aerobic conditions, a gradual red-shift with
an increase in molar extinction coefficient (ε493 = 205 M-1 cm-1) is observed, Figure
3.32.This observation is ascribed to a CoII/III aerobic oxidation process, as confirmed by
the 1H NMR study, vide supra. The presence of isosbestic points at 475 and 575 nm in
the absorption bands indicates absence of intermediates of the paramagnetic complex(es)
undergoing aerobic oxidation. The same changes to the absorption spectra can be affected
on a shorter time scale by incubation of the reaction mixture under 1atm of molecular
oxygen. Moreover, it was possible to detect changes in the absorption spectra of the
mixture upon stepwise addition of H-L1 to aqueous solution of Co ions.
Spectrophotometric titration, CoCl2 (2.5 mM) and H-L1 (0 to 6 mM in 0.5 mM portions),
was conducted and followed through measurements of ∆A493 after each addition of H-L1,
Figure 3.33a. Incubation of the reaction mixture after each addition of H-L1 at r.t. for 24
h was necessary to insure complete oxidation of coordinated CoII ions. Simultaneous
measurements of solution pH clearly indicate suppressed protonation of added ligand due
to preferential coordination to Co ions. Furthermore, the noticeable pH drop, dependent
on time and concentration of added ligand, strongly suggests deprotonation of ligand
molecules (generating imidazolate form) due to coordination to Co ions. The observed
linear behavior of A493 upon titration with H-L1 (up to 2 equiv) along with the observed
plateau (beyond 2 equiv) accompanied by an abrupt increase in solution pH could be
rationalized by one of two arguments. First, this might indicate presence of complexes
maintaining the 2:1 stoichiometry of ligand to Co, as well as the conjugate acid forms of
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Figure 3.32. UV−vis absorption spectra for the reaction mixture of H-L1 (6.25 mM) and
CoCl2 (4.15 mM) in aqueous solution, 296 K under aerobic conditions. Spectra
accumulated at 30 minutes intervals.

the excess ligand molecules. Alternatively, this behavior could be explained as a result of
formation of MOCs maintaining the 1.5:1 stoichiometry of ligand to Co, where a fraction
of H-L1 molecules introduced into solution are not available for metal chelation due to
competitive protonation, and thus the platue onset should be corrected for H-L1
equivalents available for metal chelation through careful control of the solution pH.
Accordingly, we repeated the above measurements in presence of the NaOCH3 base,
introduced to the solution as proton scavenger following each addition of H-L1, Figure
3.33b. Indeed, the onset of the A493 platue is shifted to lower H-L1 mole equivalents, 1.6
ligand equiv for 2 equiv of NaOCH3 added, supporting the argument for formation of the
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MOCs in solution upon reactants mixing in correct stoichiometry simply through
adjusting the solution pH to suppress competitive protonation of the ligand molecules.
The above argument is further supported by solution NMR spectroscopy conducted on a
mixture of H-L1 (0.15 mmol), CoCl2 (0.1 mmol), and NaOCH3 (0.15 mmol) in D2O, 1
mL, under aerobic conditions where the observed 1H NMR spectrum correlate well with
that of 3.9S with no residual peaks of free ligand molecules.
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(a)

(b)

Figure 3.33. (a) Changes in A493 and solution pH for the spectrophotometric titration of
CoCl2 (2.5 mM) with increasing concentration of H-L1 (0.5~6.0 mM) in 20 m L aqueous
solution. (b) Changes in A493 and pH for the titration mixture after addition of 2 equiv (in
terms of H-L1 added) NaOCH3. Absorption measurements acquired after standing at r.t.
for 24 h, measurements conducted at 296 K.
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Solvent, Temperature, and Counterion Effects. Due to the relatively weak
intermolecular interactions between MOCs in 3.9, different packing patterns of the
MOCs are expected upon varying the crystallization conditions, provided the ability of
MOCs to assemble under different reaction conditions. We first consider the effects of
different counterions on the self-assembly and/or packing patterns of the cationic MOCs.
Interestingly, introducing NH4Cl, as a source of chloride ions, into the reaction
mixture of H-L1 and either Co(SO4) or Co(NO3)2, under the same reaction conditions of
3.9, facilitates isolation of crystalline material characterized through single crystal X-ray
diffraction to be identical to 3.9. Reaction of H-L1 and CoBr2, under essentially the same
reaction conditions for 3.9, resulted in red polyhedral crystals formulated as
[Co8(C11N6H15)12]Br12(H2O)x, 3.9a. MOCs in 3.9a crystallize in the monoclinic P21/n
space group, adopting a different packing arrangement than 3.9. Reaction of Co(SO4) and
H-L1 under solvothermal conditions of 3.9 resulted in crystalline material, 3.9b. In 3.9b,
MOCs crystallize in different packing compared to 3.9 where the twelve positive charges
on the MOC are balanced by six (SO4)2− counterions. Reaction of Co(BF4)2 and H-L1
under solvothermal conditions of 3.9 resulted in crystalline material, 3.9e. In 3.9e, MOCs
crystallize in different packing compared to 3.9 where the cationic charges on the MOC
are balanced by twelve (BF4)− counterions. Attempts to isolate crystalline materials
containing MOCs starting from Co(NO3)2 under the same reaction conditions of 3.9 were
not successful. However, the D2O/DMF-d6 solution 1H NMR spectrum obtained for the
mixture of Co(NO3)2 and H-L1 was identical to that obtained for CoCl2 and H-L1
mixture, indicating presence of the same solvated cationic species independent on the
nature of counterions present in the reaction mixture. Moreover, this observation points
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towards an important role of counterions in inducing crystallization of the MOCs,
through a network of H-bonds, under the reported solvothermal conditions. Therefore, it
is concluded that solution self-assembly of MOCs can be readily achieved from different
cobalt salts, namely Cl−, Br−, (NO3)−, (SO4)2−, and (BF4)−, due to stronger affinity of the
bis-bidentate, chelating L1 molecules to Co ions. It is also demonstrated that nature of
counterions play a major role in facilitating crystallization of MOCs and, furthermore,
directing the packing patterns of MOCs through a network of weak intermolecular Hbond interactions.
The roles and effects of solvents in solvothermal syntheses of MOMs are
numerous which include merely serving as solubilizing agents, acting as weak bases for
ligand(s) deprotonation, templating the scaffold by balancing the charges on the
framework or limiting the cavity size, acting as buffers, serving the role of oxidants or
reductants,…etc. In solvothermal synthesis of MOMs, the choice of proper solvent
system for in situ generation of pre-programmed MBBs and to further facilitate the selfassembly process represents an ongoing challenge that, in most cases, still subjected to
trial and error. However, examples of design strategies where such concepts of solvent
effect(s) were successfully implemented can be encountered in several previous works. In
the original solvothermal synthesis of 3.9, a solvent system of water and DMF (50:50)
was necessary to afford crystalline material. As hydrothermal reaction of CoCl2 and HL1 did not result in isolation of crystalline material, it became evident that presence of
DMF (a weak base, aprotic, polar solvent with relatively high boiling point, ca. 153оC)
was necessary to induce crystallization of 3.9.
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In an attempt to probe the relative importance of its several characteristics as a cosolvent, DMF was substituted with N,N`-diethylformamide (DEF) and dimethylsulfoxide
(DMSO), in two different trials, as co-solvents in the reaction mixture of 3.9, providing
solvent systems with different range of boiling points, basicity, hydrophobicity, and
ability to act as hydrogen bond acceptors. A solvent mixture of water and DMSO (polar,
aprotic, solvent with high boiling point, ca. 189°C) under essentially the same conditions
for solvothermal synthesis of 3.9, resulted in brown rectangular crystals, 3.9c, where the
cationic MOCs cocrystallize with [CoCl4]2- species. A mixture of Co(NO3)2·(H2O)6 (0.1
mmol) and H-L1 (0.15 mmol) in water/ DEF, 1 mL each, was prepared and let to stand at
r.t. for 7 days (solution volume was reduced to 1 mL due to water loss through
evaporation) to yield red polyhedral crystals, 3.9d. In 3.9d, MOCs crystallize in the P21/n
space group surrounded by H-bonded nitrate counterions. In comparison to the same
reaction carried out in DMF/H2O solvent system, where no crystallization was observed,
it is reasonable to assume lower solubility of MOCs with nitrates as counterions in the
DEF/H2O solvent system, facilitating crystallization of the discrete MOCs. Careful
inspection of the above reaction conditions that led to isolation of crystalline material
revealed a common tendency of MOCs to crystallize from polar aprotic solvents upon
loss of water molecules. Therefore, it is suggested that crystallization of MOCs is
affected upon decreased solubility of counterions (chloride, bromide, nitrate, etc) in the
aprotic solvents that exhibit poor
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Figure 3.34. Crystal structure of 3.11, NiII molecular square. C (gray), Ni (light blue), N
(blue), O (red), H (white). DMF solvent molecules omitted for clarity.

Figure 3.35. Crystal structure of 3.12, molecular chains of [Cd(L1)(NO3)]n, C (gray), Cd
(buff), N (blue), H (white), O (red). DMF solvent molecules omitted for clarity.

solubilizing power for anionic species. To further test this hypothesis, reaction conditions
of 3.9 were modified to substitute HMPA for DMF as a co-solvent. Interestingly, the
same observation is recorded where crystalline material was isolated, only after loss of
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water molecules (through evaporation), in 3.9f. This observation points towards a crucial
role of the aprotic polar co-solvents used, that is upon loss of water molecules under the
solvothermal conditions used crystallization of MOCs is induced through decreased
solubility of the anionic counterions present in the reaction medium. Combined with the
experimental findings in the solution NMR and UV-vis spectroscopy sections, where it is
evident that MOCs undergo self-assembly in aqueous medium at room temperature in
absence of a co-solvent, it is suggested that presence of polar aprotic solvent with a
boiling point higher than that of H2O is necessary to induce crystallization of the MOCs
through decreased solubility of counterions, though not essential for solution selfassembly of MOCs.

Metal Ions Effect(s). Attempts were made to probe reactivity of different metal
ions, other than Co under similar reaction conditions of 3.9, towards construction of
MOCs. Solvothermal reaction of In(NO3)3·6H2O and H-L1 in a mixture of DEF and
ethanol resulted in formation of the corresponding cationic In-based MOCs, 3.10. As
reaction of In(NO3)3 and H-L1 in DMF resulted in immediate precipitation of
microcrystalline product unsuitable for single crystal X-ray diffraction characterization,
the synthesis conditions of 3.10 were modified accordingly to allow for moderate crystal
growth rate to isolate single crystals of 2 with sufficient quality for X-ray diffraction
characterization. The similarity in oxidation state for InIII and CoIII appears to facilitate
construction of the isostructural cationic MOCs. This argument is supported by the
observed products in solvothermal reactions of either NiII or CdII with H-L1.
Solvothermal reaction of Ni(NO3)2·4H2O with equimolar amount of H-L1 in DMF
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resulted in molecular squares, 3.11, where each of the four NiII ions is octahedrallycoordinated to two ligand molecules in bis-bidentate fashion and a nitrate ion as a
capping bidentate ligand, Figure 3.34. All attempts to construct MOCs through reaction
of NiII ions and 1.5 equiv of H-L1 were unsuccessful due to formation of amorphous
precipitate. While Ni coordination by (NO3)- ions in 3 results in charge neutral molecular
squares, such coordination precludes further coordination of Ni ions to L1 and,
accordingly, appears to prevent transformation of molecular squares into MOCs.
Furthermore, solvothermal reaction of Cd(NO3)2·4H2O and H-L1 in DMF resulted in
molecular chains, 3.12, where the Cd-N4O2 coordination sphere exhibits a distorted
octahedral geometry, Figure 3.35. Similar to the case of Ni molecular squares, the
coordination of Cd in 3.12 to (NO3)- ions appears to prevent isolation of targeted (Cd-N6)
MOCs. Analysis of the CSD (May 2009) revealed that only ~4.8% and ~5.7% of
octahedral Ni-N6 and Cd-N6 complexes, respectively, were isolated in presence of NO3ions. Reaction of H-L1 and either NiCl2 or CdCl2 did not result in crystalline materials,
under similar reaction conditions of 3.9. Apart from the preferred hetero-coordination
spheres observed for octahedral Ni and Cd complexes in presence of nitrate ions, the fact
that these two ions are in the +2 oxidation state might contribute to the feasibility of
constructing their respective MOCs. The MOCs based on M2+ ions are cationic bearing
4+ charges and thus might be difficult to crystallize in absence of appropriate counterions
contributing properly to the crystallization process. In conclusion, oxidation state, and
ultimately the overall charge and symmetry of the MOC, the preferred coordination
sphere for a metal ion, and nature of counterions are equally important elements to
consider in rational design strategies for construction of MOCs.
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Structural stability of MOCs. The MOCs in 3.9 demonstrate structural stability
in aqueous solution under a wide range of solution pH and temperature. Aqueous solution
of 3.9 was prepared in D2O and the stability of the solvated MOCs, 3.9S, in the solution
temperature range (298−333 K) and pH (2.03−8.07) is demonstrated through 1H NMR
spectroscopy. The characteristic 1H NMR pattern for 3.9S is maintained throughout the
solution temperature and pH ranges reported herein; indicating maintained structural
integrity of the dissolved MOCs, Figure 3.36. Moreover, no detectable decomposition of
the solvated MOCs, 3.9S, was detected in aqueous solution kept for one year at r.t., as
confirmed by both 1H and 2D−DOSY NMR spectroscopy.
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Figure 3.36. 1H NMR spectra of 3.9s in D2O at various solution pH (top) and
temperature (bottom) range.
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3.2.3

Experimental
Nuclear Magnetic Resonance measurements. All 1H and 13C NMR spectra

were acquired on Varian VXR (299.94 MHz for 1H, 75.55 MHz for 13C), UnityINOVA 400
(399.78 MHz for 1H, 100.54 MHz for 13C) equipped with variable temperature controller,
or UnityINOVA 500 (499.76 MHz for 1H, 125.68 MHz for 13C) spectrometers. The 1H
chemical shifts are reported relative to that of TMS and referenced to either the internal
HDO signal at 4.76 ppm, the singlet peak of 3-(trimethylsilyl)-1-propanesulfonic acid
sodium salt (DSS) at 0 ppm, or DMSO-d6 signal at 2.5 ppm, as indicated for each
spectrum. Appendix D contains some of the NMR spectra conducted for section 3.2 of
chapter 3.
Variable temperature measurements were conducted on a sample of 3.9 dissolved
in D2O and held at the specific temperature for 10 min prior to spectrum acquisition.
Solution 1H NMR measurements at variable pH were conducted at 296 K on a mixture
prepared by mixing CoCl2 (1 mmol, 0.66 M) and L1.(1.5 mmol, 0.1 M) in 15 mL of D2O
(resulted pH = 6.63), stirred under aerobic conditions at 296 K for 1 h prior to pH
adjustments. The pH is adjusted through incremental additions of either NaOD or D2SO4,
as required, and the apparent solution pH values are reported. Measurements are made
with Mettler Toledo EL02 pH meter calibrated with aqueous buffer solutions at 296 K.
Spectrophotometric titration. The entire range of titration was conducted on a
total of 15 (25 mL) scintillation vials each contains a 20 mL solution of CoCl2 (2.5 mM,
0.05 mmol). To each vial was added L1 in 0.01 mmol increments and the pH was
measured after certain intervals as described in the discussion. The mixtures were
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incubated at 296K for 24 h under aerobic conditions before conducting the absorbance
measurements at 493 nm.
Single-Crystal X-ray Diffraction. The X-ray diffraction data were collected
using Bruker-AXS SMART-APEX CCD diffractometer equipped with Mo Kα radiation
source (λ = 0.71073 Å) or SMART-APEX CCDII diffractometer equipped with Cu Kα (λ
= 1.54178 Å) radiation source, as indicated. Indexing was performed using SMART
v5.625. 25 Frames were integrated with SaintPlus 6.28A 26 software package. Absorption
correction was performed by multi-scan method implemented in SADABS.27 The crystal
structures were solved using SHELXS-97 and refined using SHELXL-97 contained in
SHELXTL v6.10 and WinGX v1.70.01 programs packages. 28 All non-disordered nonhydrogen atoms were refined with anisotropic displacement parameters. All H-atoms
bonded to carbon atoms were placed in geometrically optimized positions and refined
with an isotropic displacement parameter fixed at 1.2 times Uq of the carbon atoms to
which they are attached. N bonded protons were located via Fourier difference map
inspection and refined isotropically with thermal parameters based upon the N atoms to
which they are bonded. Crystallographic data are included in Tables 1 and 2.
Other Physical Measurements. Powder X-ray diffraction (XRPD) data were
collected using Cu Kα radiation (λ = 1.5406Å) on a Bruker AXS D8−Advance
diffractometer. The MALDI−TOF MS spectrum was recorded on a Bruker Daltonics
Autoflex III TOF/TOF mass spectrometer using α-cyanohydroxy-cinnamic acid as the
matrix. Solution UV–vis absorption spectra were collected on a PerkinElmer Lambda900
spectrophotometer, with an attachment for solid samples and gaseous atmosphere.
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Computer Modeling. The computer model presented in Figure 3.29 is the work
of Dr. Jonathan Belof from Dr. Brian Space laboratory in the department of chemistry,
university of south Florida. The hydrated fragment [Co2(L1)(H2O)8]3+, with a net charge
of +3 and multiplicity of 7, was geometry optimized using the quantum chemistry code
Gaussian 03.39 The minimized energy was calculated via Density Functional Theory
(DFT) using the B3LYP hybrid exchange-correlation functional. 40 The unrestricted
calculation employed the LANL2DZ basis set with an ECP applied to the cobalt atoms.41
Synthetic Procedures. All reagents were commercial grade used without further
purification. The organic ligand molecule, H-L1, is prepared according to a modified
procedure reported previously for similar compounds. 29
2,2'-(1H-imidazole-4,5-diyl)di-1,4,5,6-tetrahydro-pyrimidine, H-L1. 1Himidazole-4,5-dicarbonitrile (10 mmol) and excess of 1,3-diaminopropane in presence of

Scheme 3.2. Synthesis of H-L1.

sulfur (10 mmol) refluxed for 1 h followed by vacuum drying and suspension in water
then filtration and drying at 80°C to afford H-L1, formulated as C11H16N6, in good yield
(9.2 mmol, 92%) and high purity as determined from solution 1H NMR (D2O, 400MHz):
δ = 7.47 (s, 1H), 3.5 (t, J = 5.8Hz, 8H), 1.97 (quin, J = 5.7 Hz, 4H), Scheme 1.
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[Co8(C11N6H15)12]Cl12 (H2O)4, 3.9. In a capped 25 mL scintillation vial, reaction
of H-L1 (0.15 mmol) and CoCl2·6H2O (0.1 mmol) in a mixture of N,N`dimethylformamide (DMF) and water, 1 mL each, at 115°C for 12 h resulted in red
polyhedral crystals formulated as [Co8(C11N6H15)12]Cl12(H2O)4 ( 0.04 g, 85% yield based
on CoCl2) using single-crystal X-ray diffraction.
[Co8(C11N6H15)12]Br12(H2O)7, 3.9a. In a capped 25 mL scintillation vial, reaction
of H-L1 (0.15 mmol) and CoBr2·6H2O (0.1 mmol) in a mixture of DMF and water, 1 mL
each, at 115°C for 12 h resulted in red polyhedral crystals formulated as
[Co8(C11N6H15)12]Br12(H2O)7 ( 0.044 g, 80% yield based on CoBr2) using single-crystal
X-ray diffraction.
[Co8(C11N6H15)12](SO4)6(DMF)0.5(H2O)32, 3.9b. In a capped 25 mL vial, reaction
of H-L1 (0.15 mmol) and Co(SO4)·6H2O (0.1 mmol) in a mixture of DMF and water, 1
mL each, at 115°C for 12 h resulted in red polyhedral crystals formulated as
[Co8(C11N6H15)12](SO4)6 (DMF)0.5(H2O)32, ( 0.03 g, 55% yield based on Co(SO4)) using
single-crystal X-ray diffraction.
[Co8(C11N6H15)12][CoCl4]2Cl8(H2O)21, 3.9c. In a capped 25 mL scintillation vial,
reaction of H-L1 (0.15 mmol) and CoCl2·6H2O (0.1 mmol) in a mixture of
dimethylsulfoxide (DMSO) and water, 1 mL each, at 115°C for 12 h resulted in brown
rectangular crystals formulated as [Co8(C11N6H15)12][CoCl4]2Cl8(H2O)21 using single
crystal X-ray diffraction, Figure 10.
[Co8(C11N6H15)12](NO3)12(H2O)22, 3.9d. In an open 25 mL scintillation vial,
reaction of H-L1 (0.15 mmol) and Co(NO3)2·6H2O (0.1 mmol) in a mixture of N,N`193

diethylformamide (DEF) and water, 1 mL each, kept at room temperature (r.t.) for 7 days
after which solution volume was reduced to 1 mL through evaporation, resulted in red
polyhedral crystals formulated as [Co8(C11N6H15)12](NO3)12(H2O)22 ( 0.04 g, 74% yield
based on Co(NO3)2) using single crystal X-ray diffraction.
[Co8(C11N6H15)12](BF4)12(DMF)2(H2O)12, 3.9e. In a capped 25 mL scintillation
vial, reaction of H-L1 (0.15 mmol) and Co(BF4)2·6H2O (0.1 mmol) in a mixture of N,N`dimethylformamide (DMF) and water, 1 mL each, at115°C for 12 h resulted in red
polyhedral crystals formulated as [Co8(C11N6H15)12](BF4)12(DMF)(H2O)13 using singlecrystal X-ray diffraction.
[Co8(C11N6H15)12]Cl12(H2O)40, 3.9f. In a capped 25 mL scintillation vial, reaction
of H-L1 (0.15 mmol) and CoCl2·6H2O (0.1 mmol) in a mixture of hexamethyl
phosphoramide (HMPA) and water, 1 mL each, at115°C for 12 h resulted in red
polyhedral crystals formulated as [Co8(C11N6H15)12]Cl12(H2O)40 using single-crystal Xray diffraction.
[In8(C11N6H15)12](NO3)12(H2O)4, 3.10. In a capped 25 mL scintillation vial,
reaction of H-L1 (0.15 mmol) and In(NO3)3·6H2O (0.1 mmol) in DEF (5 mL) and ethanol
(2 mL) at 85°C for 12 h, resulted in colorless polyhedral crystals formulated as
[In8(C11N6H15)12](NO3)12(H2O)4 using single using single crystal X-ray diffraction.
[Ni4(C11N6H15)4](NO3)4(DMF)2, 3.11. In a capped 25 mL scintillation vial,
reaction of H-L1 (0.1 mmol) and Ni(NO3)2·6H2O (0.1 mmol) in 1 mL of DMF at 85°C
for 12 h, resulted in green polyhedral crystals formulated as [Ni4(C11N6H15)4]
(NO3)4(DMF)2 using single crystal X-ray diffraction, Figure 3.33.
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[Cd(C11N6H15)(NO3)]n, 3.12. In a capped 25 mL scintillation vial, reaction of HL1 (0.1 mmol) and Cd(NO3)2·4H2O (0.1 mmol) in 1 mL of DMF at 85°C for 12 h,
resulted in colorless polyhedral crystals formulated as [Cd(C11N6H15)(NO3)]n using single
crystal X-ray diffraction, Figure 3.34.
3.2.4

Conclusion
The solution self-assembly of MOCs, from pre-programmed MBBs, is

characterized utilizing NMR spectroscopy, UV−vis absorption spectroscopy, solution
potentiometry, as well as MALDI−TOF mass spectrometry. Furthermore, aqueous
dissolution of the isolated crystalline material results in solvated MOCs which
demonstrate structural stability under a wide range of solution temperature and pH. In
this study, a systematic investigation is conducted to probe the roles and effects
associated with the wide range of reaction variables (nature of metal ions, counterions,
solvent systems, solution pH, and temperature) on the nature of observed products. It is
demonstrated that self-assembly of MOCs from a wide variety of CoII salts proceeds
readily in aqueous solution simply upon reactants mixing. The reaction could be driven to
completion by inhibition of competitive protonation of the ligand molecules through
careful adjustment of the solution pH. However, crystallization of MOCs can only be
affected in presence of polar aprotic co-solvent with elevated boiling point (DMF, DEF,
DMSO, and HMPA) after considerable loss of water molecules through evaporation. The
observations strongly suggest an important rule associated with the nature of counterions,
inducing crystallization of cationic MOCs through intermolecular hydrogen bond
interactions and further controlling the packing patterns of MOCs, although does not
interfere with the solution self-assembly processes. The methodology adopted herein
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could potentially be applied to a variety of other MOPs to gain better understanding of
the self-assembly processes of MOPs under solvothermal conditions. Such understanding
could potentially result into enhanced design strategies for construction of MOPs with
desirable physical and chemical properties.
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Chapter 5: Molecular Squares for Hydrogen Storage Materials

4.1

Introduction

Molecular hydrogen represents a material with high chemical energetic density (142 MJ /
kg, as compared to gasoline with 47 MJ / kg) 1 and thus attractive as an alternative fuel to
fossil fuel. The realization of hydrogen economy will be dependent upon technological
achievements that will provide economically-viable sources of hydrogen, transportation
means, storage containers, and fuel cells.1 Our focus is directed to a specific class of solid
state materials (namely MOFs) as a potential hydrogen storage materials. While hydrogen
could be stored under high pressure or through liquefaction at cryogenic conditions, the
two techniques are currently un-suitable for application in daily automotive
transportation.1 Hence, the interest of wide scientific, social, and governmental sectors is
directed towards novel technologies that can provide the tools to overcome this
challenge. Table 4.1 below represents selected targets set by the DOE for efficient onboard hydrogen storage systems.2
As described in earlier chapters, metal–organic frameworks (MOFs), as functional
solid state materials, continue to receive tremendous scientific interest due to their
potential applications in current demanding technologies like hydrogen storage, gas
separation, carbon dioxide sequestration, enhanced catalysis, and drug delivery. Such
applications are pertinent to the fundamental attributes of MOFs including dual
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Table 4.1: Selected targets set by the DOE for on-board H2 storage systems2:

Storage parameter
System Gravimetric Capacity: Usable, specific-energy from
H2 (net useful energy/max system mass) a
System Volumetric Capacity: Usable energy density from H2
(net useful energy/max system volume)
Storage system cost b (& fuel cost)

Durability/Operability
• Operating ambient temperature d
•Min/max delivery temperature
• Cycle life (1/4 tank to full)e Cycle life variation f
• Min delivery pressure from tank; FC=fuel cell, I=ICE
• Max delivery pressure from tank g

Units
kWh/kg
(kg H2/kg system)
kWh/L
(kg H2/L system)
$/kWh
net ($/kg H2)
$/gge at pump
C
C
Cycles
% of mean (min)
at % confidence
Atm (abs)

2007
1.5
(0.045)
1.2
(0.036)
6
(200)
---20/50 (sun)
-30/85
500
N/A
8FC/10ICE
100

2010
2
(0.06)
1.5
(0.045)
4
(133)
2-3
-30/50 (sun)
-40/85
1000
90/90
4FC/35ICE
100

2015
3
(0.09)
2.7
(0.81)
2
(67)
2-3
-40/60(sun)
-40/85
1500
99/90
3FC/35ICE
100

a. Generally, the ‘full mass (including hydrogen) is used, for systems that gain weight, the highest mass during discharge is used.
b. 2003 US$; total cost includes any component replacement if needed over 15 years or 150,000 mile life.
c. 2001 US$; includes off-board costs such as liquefaction, compression, regeneration, etc.; 2015 target based on H2 production cost
of $2 to $3/gasoline gallon equivalent untaxed, independent of production pathway.
d. Stated ambient temperature plus full solar load. No allowable performance degradation from -20 C to 40 C. Allowable degradation
outside this limit is TBD.
e. Equivalent to 100,000; 200,000; and 300,000 miles respectively (current gasoline tank spec).
f. All targets must be achieved at end-of-life.
g. In the near term, the forecourt should be capable of delivering 10,000 psi compressed hydrogen, liquid hydrogen, or chilled
hydrogen (77 K) at 5,000 psi. In the long term, it is anticipated that delivery pressures will be reduced to between 50 and 150 atm
for solid state storage systems, based on today’s knowledge of sodium alanates.

composition, high crystallinity, and open structures. In particular, porous MOFs have
been widely investigated for hydrogen storage,3-8 demonstrating reversible physisorption
interactions, within available void space, amenable to a high degree of tuneability
associated with the highly modular nature of MOFs.
While the potentials for a wide variety of solid state materials capable either of
reversible physisorption, like carbon structures, 9 or chemisorption, like metal hydrides, 10
are being currently investigated, the focus of this chapter is directed towards a novel
approach proposed by us to enhance the hydrogen storage characteristics in MOFs.
Theoretical studies indicate that hydrogen interactions with metal complexes,
clusters, or ions, as the inorganic part of the framework, are mostly electrostatic in nature
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and could play major roles in determining the H2 uptake characteristics of a particular
MOF due to their relatively significant contribution to the overall H2 binding affinities
(Qst) and hence are the subject of considerable theoretical and experimental
investigations. 11-13
Although weaker, favorable van der Waals interactions between H2 and the
organic linkers in MOFs, best represented by benzene ring derivatives, have been
theoretically investigated 13, 14 and experimentally documented 15 through inelastic
neutron scattering experiments. Recent studies demonstrate that such interactions could,
in principle, be enhanced through chemical modifications to the organic linkers,
providing a potential strategy for a material designer to enhance H2 sorption
characteristics of MOFs. Nevertheless, no studies exist, to the best of our knowledge,
addressing the possibility of improving H2 binding affinity to the walls of MOFs through
simultaneous favorable dispersive interactions, acting additively, between H2 molecules
and multiple aromatic rings placed at optimal interaction distance(s) and within a specific
geometry.
Therefore, we opted to explore this approach which could potentially prove useful
as a viable target to consider, among others, in rational design strategies for future
hydrogen storage materials. Computational studies by Head-Gordon et al, Goddard et al,
and others, 15 for the H2 binding affinities to benzene and various substituted benzene
rings reveal moderate binding affinities, mostly due to favorable dispersive interactions,
in the range of 3.34~4.29 kJ/mol. Although below an estimated target of 21~32 kJ/mol,
for efficient H2 storage materials at ambient conditions (-20 C and pressure range 100~1
bar, 14 or 15~20kJ/mol, (room temperature at pressure up to 30 bar) 16 it is not yet clear if
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such interactions could be additive and hence lead to enhanced favorable interactions
between a H2 molecule and multiple aromatic rings in tailored frameworks.
We envision a molecular square constructed of four benzene rings interacting
simultaneously with a single H2 molecule, resides in the center of the square, as a
potential model for a material with enhanced H2 binding affinity. In this model, the H2
molecule is treated as a rigid rotor at uniform separation distance, R, between its center of
mass and the centroids of surrounding benzene rings. It is obvious that, due to high
dependence of dispersive interactions on R, decreases as 1/R6, any expected enhancement
in H2 binding affinity due to simultaneous dispersive interactions within the optimized
molecular square geometry will be extremely sensitive to geometric deformations.
Although this places a challenge on experimentally achievable structures, with such strict
configurations, it provides motivation for further theoretical and experimental
investigations which could eventually result in porous crystalline materials with desirable
H2 uptake.
In this study, we attempt to address this point both via computational modeling of
a hypothetical molecular square construct, guided by the previous efforts in computing
the ideal intermolecular distance(s) and orientation(s) for a single H2 molecule interacting
with a benzene ring, and the experimental investigations of two relevant MOFs
containing molecular squares with accessible voids towards hydrogen uptake.
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4.2

Results and Discussion

To investigate the dimensions of a channel, reminiscent of those in the synthesized
structures, that optimize dispersive interactions, a model system amenable to study via
computation was chosen. Perturbative ab initio electronic structure methods were chosen
because long range dispersive interactions are not captured well by conventional density
functional methods or by Hartree-Fock calculations.24 Thus, to account explicitly for
electron correlation, second order Møller-Plesset perturbation theory25 (MP2) or resolutionof-the-identity Møller-Plesset19 (RI-MP2) was used in all the calculations conducted herein.

Figure 4.1. MP2/6-31G* optimized model molecular square showing the most favorable
orientation of a H2 molecule interacting simultaneously with the four benzene rings and
the binding energy dependence on H2-benzene ring separation distance, R.
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Dunning basis sets were selected because by construction they allow the
estimation of the energy of a system in the limit of an infinitely large basis set – the socalled complete basis set (CBS) limit.23 Although it has been observed that CBS
extrapolations including the double-zeta basis set is not optimal 23, quadruple-zeta
calculations were too time consuming and unnecessary for an physically meaningful
estimation using a model system. A two-point extrapolation was performed using the
double-zeta (cc-pVDZ) and triple-zeta (cc-pVTZ) basis sets.20, 21 Double-zeta, triple-zeta
and CBS energies are shown in Figure 4.1 for the model system shown.
The simple model system was constructed to capture the essential interactions and
includes benzene rings as building blocks. Initially, an individual benzene ring was
geometrically-optimized at the MP2/6-31G* level of theory to attain a reference
geometry from which the model system was constructed. Four benzene rings were
arranged in a square geometry, such that the configuration roughly mimics a channel or a
box in a microporous material occupied by a H2 molecule with its center-of-mass
coincident with that of the square. For simplicity, the square geometry was maintained
while the dimensions were varied from 3.0 Å to 4.5 Å in increments of 0.05 Å, measured
from center-of-mass of the square to center-of-mass of a benzene ring. For each step, one
hydrogen molecule was positioned in the center-of-mass of the square and optimized at
the MP2/6-31G* level while the square was held fixed. Using this optimized geometry,
binding energies were computed using resolution-of-the-identity MP2 with Dunning's ccpVDZ and cc-pVTZ basis sets with their corresponding RI-fitting basis sets.22 All
binding energies were counter-poise corrected and extrapolated to the complete basis set
limit. All computations were performed on the TeraGrid27 using NWChem.17,18
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The calculations revealed dispersive interactions between the aromatic walls of the model
box and the H2 molecule reaching a maximum binding energy of 13.8 kJ mol-1 at R =3.05
Å, reinforcing the role dispersion can play in highly constraining sorption environments.
Considering the configuration of the hydrogen molecule relative to the four benzene
rings, the calculated energy reveals an additive behavior of aromatic ring-H2 interactions
as compared to H2 molecule interacting with one aromatic ring. These results suggest an
approach to maximizing H2 binding enthalpy in MOF’s could involve maximizing
dispersive interactions through a similar confinement. While distinct quantities, it is
reasonable to compare experimentally measured average isosteric heats of adsorption and
calculated binding energies.26
Compound 4.1 crystallizes in the triclinic P-1 space group with square-like
channels running through a-axis occupied by disordered DMF solvent molecules. The
distinctive shape of the ditopic organic linker (Φ-SO2-Φ angle of 104°) facilitates
construction of infinite 1D chains of molecular squares, running along the c-axis. In the
crystal structure of 4.1, Figure 4.2, coordination of Pb(II) ions by carboxylates in
bridging bi-dentate mode results in infinite chains of Pb(CO2)2 running along the a-axis,
holding adjacent 1D molecular chains in appropriate configuration to allow formation of
solvent-occupied channels in the as-synthesized crystalline solid. The resulted geometry
of square-like channels lined by di-substituted benzene rings with moderate interplanar
distances (8.78~9.16 Å, centroid-to-centroid), Figure 4.3, immediately caught our
attention to possible projected effect(s) on the H2 interactions with the aromatic walls of
the framework. Although the interplanar distances and dihedral angles observed in this
structure are not optimal for inducing multiple interactions of a single H2 molecule with
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surrounding aromatic rings, the observed H2 uptake characteristics of this framework are
remarkable, especially in terms of the observed shapes for H2 sorption isotherms and the
isosteric heat of adsorption. This experimental observation stimulated our interest in
investigating further the potential to obtain isostructural compounds based on the same
organic linker (4,4`-sulfonyldibenzoic acid) and its structurally analogue 4,4'(hexafluoroisopropylidene)bis(benzoic acid)

O

F 3C

O

CF3

S

HO

OH
O

O

O

4,4'-sulfonyldibenzoic acid

OH

HO
O

4,4'-(Hexafluoroisopropylidene)
bis(benzoic acid)

Figure 4.2. Crystal structure of 4.1. Pb (deep gray), C (gray), S (yellow), O (red), H
(white), DMF solvent molecules occupying the square-like channels omitted for clarity.
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Figure 4.3. Fragment of the crystal structure of 4.1 showing the significant dimensions of
the square-like structure, disordered DMF solvent molecules inside the square channels
are omitted for clarity.
The as-synthesized crystalline material is washed several times with acetonitrile,
in which it is soaked for 20 days at room temperature to exchange entrapped DMF
solvent molecules, generating the solvent-exchanged framework. The FT-IR spectrum
obtained for the solvent exchanged framework indicates full solvent exchange, as evident
from absence of the characteristic absorption band for the DMF solvent (νC=O = 1674 cm1

), Figure 4.4. The solvent-exchanged sample is then placed under dynamic vacuum at

room temperature for 8 h before conducting the various gas sorption measurements
reported herein. The H2 sorption isotherms, Figure 4.5, exhibit rapid saturation at early
dosing stages which could be attributed to uniform distribution of H2 binding sites, most
probably on the surfaces of aromatic rings lining the square-like channels.

212

Figure 4.4 (Top) FT-IR spectrum of the as-synthesized 4.1 and (down) the FT-IR
spectrum for the solvent-exchanged 4.1 indicating solvent displacement of guest DMF
molecules present in the as-synthesized compound.
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Figure 4.5. H2 sorption isotherms for the solvent-exchanged 4.1.

The plot of isosteric heat of adsorption vs. uptake (in wt %) for H2 inside 4.1
reveals an interesting behavior, Figure 4.6, as it traces an almost horizontal line (~ 9 kJ /
mol) over most of the H2 sorption range and falls quickly to ~ 1 kJ / mol after sorption of
~0.4 wt %. Interestingly, sorption of ~0.4 wt % of H2 corresponds to sorption of two H2
molecules per cage made of two ligand molecules coordinating two Pb(II) ions. This
could be attributed to rapid saturation of homogenously distributed H2 interaction sites
(presumably the aromatic rings) with appreciable interaction energy (~9 kJ / mol). For
more accurate determination of Qst in 4.1, additional H2 sorption isotherm(s) are required,
and most desirably at higher cell bath temperatures, this is due to the closely displaced
values for early loading points in the 77 K and 87 K isotherms, almost coincide at very
low loadings. The closely displaced points of the two isotherms might introduce a
relatively significant error in calculated Qst, where it is anticipated that at least one
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additional isotherm at higher temperature might reveal higher Qst for compound 4.1.
Nitrogen isotherm, Figure 4.7, was also obtained for compound 4.1 from which the
calculated surface area utilizing BET method is (203.1 m2 / g) and the total pore volume
is (0.089 cc / g).

Figure 4.6. Isosteric heat of adsorption for the solvent-exchanged 4.1 compound.

Figure 4.7. N2 sorption isotherm for 4.1 conducted at 77 K.
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Figure 4.8. X-ray powder diffraction patterns for 4.1, before (red) and after (black)
solvent exchange in acetonitrile.

Compound 4.2 crystallizes in the orthorhombic Pccn space group with
square-like channels running through b-axis occupied by disordered DMF
solvent molecules, Figure 4.9. In the crystal structure of 4.2, infinite rod-shaped
metal−carboxylate secondary building units (SBU) are present. Two distinct
types of coordination spheres around Cd(II) ions are observed. Four bidentate
ligand molecules coordinate a Cd(II) ion in a trigonal prismatic configuration.
The second Cd(II) ion is octahedrally coordinated to adjacent four ligand
molecules and two DMF molecules as axial ligands.
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Figure 4.9. Crystal structure of 4.2,Cd (buff), C (gray), O (red), H (white), F (cyan).
Solvent molecules omitted for clarity.

The as-synthesized crystalline material is washed several times with acetonitrile,
in which it is soaked for 30 days at room temperature to exchange DMF guest molecules,
generating the solvent-exchanged framework. The solvent-exchanged sample is then
placed under dynamic vacuum at room temperature for 19 h before conducting the
various gas sorption measurements reported herein. The H2 sorption isotherms, Figure
4.10, exhibit a distinct shape marked by relatively steeper rise in the early dosing stages
followed by a knee, in the range of 0.3−0.4 wt % of adsorbed H2, corresponding to two
H2 molecules per cavity enclosed by four ligand molecules. This behavior is observed for
both of the isotherms conducted at 77 K and 87 K, and could be explained in terms of an
activation barrier for adsorbed H2 molecules that is overcome after occupation of the
square-like channels by two H2 molecules. The isosteric heat of adsorption, Figure 4.11,
obtained for 4.2 revealed a near-linear behavior around 7~6 kJ / mol, an indication of a
homogenously distributed adsorption sites, most probably the aromatic walls of the MOF.
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Figure 4.10. H2 sorption isotherms for solvent-exchanged 4.2 with the two knees in the
two isotherms circled.

Figure 4.11. Isosteric heat of adsorption for the solvent-exchanged 4.2.
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The crystal structure of compound 4.3 shows a 2D layers of perfect
square grid lined by neutral pyrimidine rings and anionic tetrazolates at perfectly
disposed orientations and channel dimension very close to that predicted by
theoretical calculations to be optimum for maximized dispersive interactions
with H2. Therefore, compound 4.3 represents a very interesting study case to test
our postulate and our theoretical investigations. However, crystal packing of the
2D sheets in a repeating ABCD fashion where the square voids in each sheet is
inaccessible to guest molecules due to interdigitation by the two sheets
immediately above and below each sheet. We currently have no means to direct
the packing of the square-grid sheets but our efforts continues towards seeking a
suitable template or reaction conditions that could result in properly disposed
layers as to create square channels running through one of the unit cell axes.
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Figure 4.12. (Top) crystal structure of 4.3, showing only one of the 2D square-grid layers
and (below) view along the z-axis showing packing of two immediate neighbor layers
(highlighted). Cd (green), N (blue), C (gray), H (white).
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Figure 4.13. (Top) crystal structure of 4.4, showing the square-like channels filled with
disordered DMF solvent molecules and (below) the discrete molecular square with
significant dimensions shown, DMF solvent molecules omitted for clarity. Cu (orange), S
(yellow), C (gray), O (red), N (blue), H (hydrogen).

Compound 4.4 contains discrete molecular squares of two 4,4`-sulfonyl
(dibenzoate) ligand molecules coordinating two, [1,10]Phenanthroline-chelated Cu(II)
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ions. Molecular (or more appropriately supramolecular) packing appears to be governed
by favorable π−π stacking (interplanar distance of 3.38 Å). Although this system
appeared to offer a chance to further test and optimize our design principles for tailored
materials aimed towards hydrogen storage applications, presence of enclathrated DMF
molecules inside each of the molecular squares in the as-synthesized material necessitates
solvent-exchange to afford a material that could readily undergo solvent removal through
evacuation to afford the targeted material for gas sorption studies. Unfortunately, the
material is found to be soluble in most of the common low-boiling point solvents used for
solvent exchange and thus precluded further studies. However, one noticeable
observation is that the same material could be re-generated if DMF is used as a cosolvent and the solution is heated to boil off the low-boiling point solvent.
Trying to overcome the limitation encountered in compound 4.4, we decided to
utilize a slightly different chelating agent, the 4,7-diphenylphenathroline, in designing
compound 4.5, Figure 4.14. The goal was to impart more rigidity to the construct through
extended π−π stacking interactions that might cause stability of the stacked molecular
squares towards dissolution into the solvent-exchange media. Although this goal was
successfully attained, the additional phenyl rings from one molecular square protruded
into the square-like cavity of an adjacent molecular square, rendering them unsuitable for
gas sorption studies. The above two examples (4.4 and 4.5) perfectly represent the
current, commonly encountered findings in our field. While geometric design principles
could be, to a satisfactory degree, included in the initial stage of the reaction through
utilization of properly functionalized linkers in conjugation with metal ions that retain a
good degree of geometric similarity to previously known compounds, the number of
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other variables present in the reaction mixture might render it difficult to anticipate or
conceptually conceive the structure and properties of the targeted end product in a
manner that could be interpreted as “ab initio design”.

Figure 4.14. (Top) crystal structure of 4.5, showing the square-like channels partially
blocked by phenyl rings protruding inside the channels from neighboring molecular
squares. The square-like channels are filled with disordered DMF solvent molecules,
omitted for clarity. (Below) selected significant dimensions of the molecular square. Cu
(orange), S (yellow), C (gray), O (red), N (blue), H (white).
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4.3

Experimental
Theoretical modeling. The molecular square model presented in Figure 4.1 and

the calculations related are the works of Abraham Stern and Dr. Jonathan Belof from Dr.
Brian Space laboratory at the chemistry department, university of south Florida.
Synthesis of 4.1. In a capped 25 mL scintillation vial, a mixture of Pb(NO3)2 (0.1
mmol) and 4,4'-sulfonyldibenzoic acid (0.1 mmol) in a DMF and H2O, 1 mL each, was
prepared and heated at 85°C for 12 h resulting in colorless rectangular crystals of 4.1
formulated as [Pb(C14SO6H8)(H2O)]2·(DMF) using single crystal X–ray diffraction study.
Solvent exchange of 4.1: Crystals of the as-synthesized compound were washed
several times by acetonitrile, and then soaked in acetonitrile at room temperature for at
least 30 days to afford the solvent-exchanged framework.
Synthesis of 4.2: In a capped 25 mL scintillation vial, a mixture of Cd(NO3)2 (0.1
mmol) and 4,4'-(hexafluoroisopropylidene)bis(benzoic acid) acid (0.1 mmol) in a DMF
and H2O, 1 mL each, was prepared and heated at 85°C for 12 h resulting in colorless
rectangular crystals of 4.2 formulated as [Cd2(C17H8F6O4)2(DMF)2]n using single crystal
X–ray diffraction study.
Solvent exchange of 4.2: Crystals of the as-synthesized compound were washed
several times by dichloromethane, and then soaked in dichloromethane at room
temperature for at least 20 days to afford the solvent-exchanged framework.
Synthesis of 4.3: In a capped 25 mL scintillation vial a mixture of
Cd(NO3)2 (0.05 mmol) and 2-(1H-tetrazol-5-yl)-pyrimidine (0.1 mmol) in 1 mL
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of N,N'-dimethylformamide (DMF) was heated at 85C for 1 h to result in
colorless cubic crystals.
Synthesis of 4.4: In a capped 25 mL scintillation vial a mixture of
CuCl2, [1,10]phenanthroline, and 4,4'-sulfonyldibenzoic acid, (0.05 mmol each)
in 0.5 mL of N,N'-dimethylformamide (DMF) and 0.5 mL of H2O was heated at
85C for 12 h to result in green-blue prismatic crystalline material.
Synthesis of 4.5: In a capped 25 mL scintillation vial a mixture of
CuCl2, 4,7-diphenyl-[1,10]phenanthroline, and 4,4'-sulfonyldibenzoic acid, (0.2
mmol each) in 1 mL of N,N'-dimethylformamide (DMF) was heated at 85C for
12 h to result in green-blue prismatic crystalline material.

4.4

Conclusion
The theoretical calculations and experimental findings in this chapter strongly

suggest that certain geometrical design of the windows lined by aromatic rings in
microporous MOFs is a suitable target in our quest to enhance hydrogen storage
properties of MOFs. The theoretical model constructed herein points towards the viability
of this approach to attain enhanced isosteric heats of adsorption solely due to multiple
dispersive interactions of molecular hydrogen to specifically tailored window geometry.
Furthermore, the experimental structures presented indicate that such materials are
synthetically accessible, while the challenge remains as to generate microporous
materials with tailored windows controlling access of molecular hydrogen to their
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relativle large pore systems, in an attempt to forge hydrogen storage materials with both
high isosteric heat of adsorption and gravimetric hydrogen uptake.
Overall, we present a novel approach with the potential to enhance H2 binding
affinity in microporous MOFs. This approach is merit for further experimental and
theoretical investigations to assess the extent of additive dispersive interactions in
enhancing the H2 binding affinity in hydrogen storage materials, in general, and MOFs, in
particular.

4.5
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Chapter 5: Zeolite-like Metal−organic Frameworks (ZMOFs) as Solid Matrices for
Metalloporphyrin-Based Heterocatalysis.
5.1

Introduction
Zeolites are purely inorganic microporous aluminosilicates or aluminophosphates

materials that occur naturally as minerals or have been synthetically prepared. The
anionic charges of aluminosilicates are balanced by guest cations, e.g. Na+, K+, Ca2+, and
Mg2+. Connectivity of tetrahedrally coordinated atoms (T) through bidentate angular (ca.
145°) oxygen is key to afford the non-interpenetrating porous structures of zeolites.
Zeolitic structures demonstrate wide variety of regular cages, channels and windows as a
result of the unique connectivity of tetrahedral nodes through an angular linker.
Such very aspects of zeolites have enabled their utilization in various industrial
applications, e.g. heterogeneous catalysis, ion exchange (cation exchange from aqueous
solution, particularly useful in water softening), separation of mixtures in petrochemical industry,
1-14

and gas storage.

Due to the ability to exchange guest cations with others upon contact in

solution, zeolites beds are widely employed as water softeners. Moreover, ability of
Zeolites to confine molecules in their micropores induces changes in the structure and
reactivity of guest molecules. One prominent example of industrial application of zeolites
is encountered in petrochemical industry for catalytic cracking of crude oil. The
hydrogen-exchanged zeolites act as powerful solid-state Lewis acids, facilitating acidcatalyzed reactions of confined guest molecules such as isomerization, alkylation and
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cracking of hydrocarbons. Confinement of guest molecules in such highly charged
chemical environment drastically alters their reactivity and hence provides an amenable
pathway to otherwise difficult or costly chemical transformations.15
The regular windows and channels in zeolites with specific dimensions are the
basis for their shape-selective properties and accordingly their utilization in purification
of gas mixtures or mixtures of branched and linear hydrocarbons. The ability to
preferentially adsorb certain molecules and simultaneously excluding others led to the
introduction of the term “molecular sieves” for zeolites and their applications in
separation techniques based on their size-exclusion properties.
Purification of p-xylene by MFI zeolite,16 Figure 5.1, demonstrates the ability of
zeolites to separate mixtures based on the molecular size, and hence shape, as certain
types of molecules will diffuse through the regular channels and windows of the zeolite,
separated from other more steric or branched molecules.

Figure 5.1. MFI zeolite utilized in purification of p-xylene.
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openness of the framework. This measure is especially significant in comparing openness
of MOFs with zeolitic topologies to inorganic zeolites. The larger dimensions of zeolitic
MOFs will naturally result in fewer tetrahedral nodes per specific volume compared to
zeolites, and hence lower framework densities are expected, and indeed observed, for
zeolitic MOFs.
One particular aspect of synthetic zeolites is the ability to obtain a variety of
different topologies through modification of the synthesis conditions. Most prominently,
incorporation of structure directing agents (SDAs) facilitates isolation of particular
zeolite and even can result in novel ones. Due to the anionic nature of aluminosilicates,
synthetic pathways that employ cationic SDAs like alkyl ammonium salts that can direct
the assembly of the building units and/or limit the size of cages or windows of the zeolite
have met with great success in isolation of numerous synthetic zeolites.
However, targeting novel zeolites with larger cages for applications pertinent to
encapsulation of relatively large functional molecules faces limitations imposed by the
observed tendency to obtain zeolites with one-dimensional pore systems, i.e. channels,
instead of expanded cage dimensions. This limitation restricts practical applications of
inorganic zeolites as host matrices to relatively small-size functional molecules.
Therefore, our group, among others, has opted to explore alternative routes to construct
novel materials with zeolite-like topologies and characteristics, namely anionic
crystalline materials that exhibit forbidden interpenetration, guest-exchange capabilities,
and good thermal and chemical stability. Turning to reticular chemistry, it appeared that
two particular strategies, namely edge-expansion and vertex decoration, 18 could be
implemented as design principles to construct such zeolite-like materials.
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Employing edge-expansion strategy to design and construct zeolite-like materials
with anionic nature and extra-large cages compared to zeolites relies on substituting the
bridging angular oxygen atom with a larger molecular linker. The imidazole ring
emerged as a potential molecular species able to serve as di-topic, angular linker when
coordinated to two metal ions. To impart rigidity and chemical stability to the intended
construct, we opted to utilize the di-substituted imidazole ring, specifically 1H-imidazole4,5-dicarboxylic acid (H3ImDC),21 that when coordinated to metal ions will afford the
proper bridging angle through its nitrogen atoms while, simultaneously, acting as
chelating ligand through metal ion coordination to carboxylate groups. This bi-functional
characteristic of the bridging, expanded edge, implemented in the design stage is
complemented by the proper choice of In3+ ion as the tetrahedral node. As In3+ ions can
accommodate dodecahedron hetero-coordination sphere afforded by four bis-bidentate
(HImDC) ligands, the ability to construct anionic zeolite-like materials with zeolitic
topologies and extra large cages due to the expanded edges seemed feasible. Indeed,
solvothermal reactions of In(NO3)3·xH2O and H3ImDC afforded zeolite-like
metal−organic frameworks that demonstrate the targeted structural and chemical
properties. Moreover, analogous to the commonly encountered roles of SDAs in
syntheses of zeolites, our group has demonstrated the ability to direct the resulted
topology through incorporation of different SDAs in the initial reaction mixture.
This approach marked the hybridization of two types of materials known
previously in solid state chemistry, zeolites and metal−organic frameworks, and hence
the term zeolite-like metal−organic frameworks (ZMOFs) was introduced to designate
materials with hybrid chemical composition and zeolitic topologies, Figure 5.3. To
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facilitate visualization and presentation of the design principles employed in construction
of ZMOFs, the corresponding crystal structures could be deconstructed into relatively
simple, chemically-conceivable, building units from which the entire framework could be
generated through symmetry operations, known as the molecular building block (MBB).

Figure 5.3. Crystal structures (top left to right) of the sod, rho, and usf-ZMOFs and
(bottom) the corresponding SOD, RHO, and RHO zeolitic topologies. Color scheme:
Indium (green), carbon (grey), oxygen (red), nitrogen (blue), hydrogen (white).
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Figure 5.4. The In(ImDC)4 MBB present in ZMOFs could be visualized as tetrahedral
connected node interconnected through bis-bidentate angular ImDC linker.

The MBB present in ZMOFs is the In(HnImDC)4, n = 0, 1, a dodecahedrallycoordinated In3+ ions interconnected through the bis-bidentate HnImDC linker, figure 6.4.
The single-metal-ion MBB approach towards construction of ZMOFs, first implemented
by our group, encompasses utilization of imidazole ring as an expanded linker having the
appropriate coordination angle dictated by the two nitrogen atoms, comparable to that
provided by single oxygen atom in zeolites, Figure 5.4, and hence permitted access to
zeolitic topologies but with extended edges and, consequently, larger cages and channels.
The carboxylate functionalities present on the imidazole ring served to impart structural
rigidity and chemical stability to the constructed materials due to the well-known chelate
effect in metal ion complexes. Moreover, due to the anionic nature of the carboxylate
ions, an overall negatively charged ZMOFs could be attained where the principle of
utilizing a variety of cationic SDAs, applied to zeolites to induce a variety of zeolitic
topologies, could be implemented. This was successfully demonstrated experimentally by
isolating three different ZMOFs constructed from essentially the same MBB but in
presence of different SDAs. Namely, the nitrate salts of doubly protonated 1,3,4,6,7,8hexahydro-2H-pyrimido[1,2-a]pyrimidine (HPP), imidazole (Him), and 1,2-
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diaminocyclohexane (DACy), were utilized as SDAs in synthesis of rho-, sod-, and usfZMOFs, respectively.21
As described above, ZMOFs represent a family of functional solid state materials
that share structural, compositional, and functional aspects of inorganic zeolites and the
hybrid metal−organic frameworks (MOFs). The growing scientific and industrial interest
in MOFs could be linked to their unique attributes, crystalline open structures with
periodic dual composition amenable to bottom-up assembly of judiciously designed
molecular building blocks into a desired framework expanding and/or decorating a
specific blueprint network topology.19 These features of MOFs, open functional MOFs
with modular compositions and tailorable pores amenable to bottom-up assembly from
rationally selected MBBs, offer great potential for those materials to address some key
applications such as hydrogen storage, carbon dioxide sequestration, enhanced catalysis,
smart sensors, and drug delivery.20
Despite the relatively large number of MOFs in current literature with accessible
voids stable against guest exchange, the idea of being able to fine-tune an existing
structure through post-synthetic modification or by incorporation of functional guest
molecules during the synthesis is especially appealing. This is due to the wide potential
applications for a porous functional material that is amenable to post-synthetic
modifications or ones that demonstrate targeted functionality due to encapsulated, yet
accessible, functional molecules, to generate made-to-order materials. In this approach a
MOF can be regarded as a platform suitable for a variety of desired applications merely
through cost, atom, and time-efficient modifications.
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Toward this effort, we developed a new approach for utilization of ZMOFs,
constructed through the assembly of rigid and directional single-metal-ion-based
molecular building blocks (MBBs), as tunable platforms for applications in gas storage
and porphyrin-based heterocatalysis. As described earlier, ZMOFs are topologically
analogous to inorganic zeolites and, similarly, are anionic and chemically stable in
aqueous media mainly due to the presence of chelated In3+, a characteristic rarely
observed in common MOFs. Additionally, ZMOFs possess extra-large cavities, which
offer great potential for their exploration in applications pertinent to larger molecules.
Stimulated by such desirable characteristics of ZMOFs, we opted to explore the potential
to finely tune their chemical characteristic through incorporation of functional guest
molecules, namely the cationic 5,10,15,20-tetrakis(1-methyl-4-pyridinio)porphyrin,
[H2TMPyP]4+, that could be encapsulated inside the large cages of rho-ZMOF utilizing
the ship-in-a-bottle process. In this process, the anionic framework of rho-ZMOF would
self-assemble from its precursors, MBBs, encapsulating the cationic porphyrin, added as
solution to the initial reaction mixture, to result in a functional solid construct with
essentially the same topology as RHO zeolite but with encapsulated porphyrin molecules
in the extra-large α-cages of rho-ZMOF.
The choice of porphyrins as guest molecules, in this study, originates from the
synthetic applications accessible through anchoring and isolating catalytically-active
metalloporphyrins, prohibiting their self-dimerization and oxidative degradation, and in
turn enhancing their catalytic properties. Moreover, an isolated metalloporphyrin
encapsulated in well-defined chemical environment might provide a synthetic model for
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active sites in various enzymes utilizing metalloporphyrins, of which cytochromes are the
most prominent examples.
The utilization of metalloporphyrins in catalytic oxidation, e.g. hydroxylation and
epoxidation of hydrocarbons 22 represents a wide scale synthetic application and hence is
a viable target for developments. Of special concern are limitations in many
homogeneous metalloporphyrin-based catalysts, represented by limited lifetime and/or
activity due to formation of bridged µ-oxide metalloporphyrin dimers, preventing
substrate access to the catalytic site, and oxidative self-degradation. 23 Therefore,
strategies were devised to immobilize metalloporphyrins in solid matrices to address such
limitations of homogenously catalyzed systems.24 In this approach, the metalloporphyrin
molecule can be isolated, and in essence its catalytic site protected, through anchoring to
a solid substrate. Examples of such substrates include modified mixed oxide surfaces25
and porous inorganic solids (i.e. zeolites X and Y, 26 mesoporous silicates, 27 silica
surfaces 28 ), which have been investigated as solid-state matrices to immobilize
metalloporphyrins. However, these systems also are faced with limitations, including
aggregation of the catalyst molecules, limited catalyst loadings resulting in potential nonperiodic distribution, and/or leaching of the catalyst due to cleavage of the catalystsubstrate linkage under the catalytic reaction conditions used.
Therefore, it appears that certain attributes are required for a suitable host matrix
to overcome the above challenges that include: (i) large cavities, suitable for the
encapsulation, and in effect isolation, of one guest porphyrin molecule per cavity with
proper window size not to allow catalyst leaching while allowing diffusion of reactants
and products, (ii) mild synthesis conditions of the matrix to avoid degradation of the
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guest porphyrin, (iii) presence of framework-porphyrin interactions, in our case
electrostatic interactions, inducing and further directing the assembly of the framework
around the porphyrin, permitting the one-step framework construction and encapsulation
of the free-base porphyrin, (iv) maintained framework integrity upon post-synthesis
metallation of the encapsulated porphyrin, (v) low affinity for the oxidation products to
the framework, thus allowing for their diffusion into the bulk solution and ease of
separation, through simple filtration, of the heterogeneous catalyst from the reaction
mixture.

5.2

Results and Discussion
Considering the aforementioned criteria for an efficient solid matrix to

encapsulate metalloporphyrins, our rho-ZMOF (topologically analogous to zeolite RHO)
offers great potential to answer such criteria and serves to simultaneously merge the
realms of MOFs and zeolites with the catalytic properties of porphyrins to forge a unique
tunable catalyst platform. The large voids inside its periodic α-cages and their anionic
nature suggest the ability for encapsulation of cationic porphyrins. Moreover, stability of
rho-ZMOF in different methanolic solutions of metal nitrate salts enabled us to metallate
the encapsulated free-base porphyrin with a variety of metal ions, forging a versatile precatalyst (the H2RTMPyP, free-base porphyrin in rho-ZMOF) that, post-synthetically, can
be utilized to prepare a variety of encapsulated metalloporphyrins (M-RTMPyP, M = Cu,
Co, Zn, Ni, Mn) for applications in different catalytic reactions requiring different metal
ions in the porphyrin ring.
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Indeed, reactions of In(NO3)3⋅xH2O and 4,5-imidazoledicarboxylic acid
(H3ImDC) in a mixture of N,N`-dimethylformamide (DMF) and acetonitrile (CH3CN) in
presence of 5,10,15,20-tetrakis(1-methyl-4-pyridinio)porphyrin tetra(p-toluenesulfonate)
([H2TMPyP] [p-tosyl]4) have yielded dark red cubic-like crystals, H2RTMPyP,
suggesting the presence of the porphyrin, Figure 5.5.
The crystals, insoluble in water and common organic solvents, were washed with
DMF and methanol several times, until no residual porphyrin was detected in the
solution, as evident from the UV-vis spectrum. The powder X-ray diffraction (PXRD)
pattern of the as-synthesized compound matches that of our previously published
colorless rho-ZMOF,3 Figure 5.6, confirming the construction of the intended

Figure 5.5. crystal structure of rho-ZMOF (left), hydrogen atoms omitted for clarity, and
schematic presentation of [H2TMPyP]4+ porphyrin ring enclosed in rho-ZMOF α-cage
(right, drawn to scale).
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Figure 5.6. Experimental powder X-ray diffraction patterns for rho-ZMOF and the
intended porphyrin-impregnated rho-ZMOF, confirming the construction and phase
purity of the as-synthesized compound.
crystalline framework; the structure is further supported by single-crystal studies, which
confirm identical crystallographic parameters to rho-ZMOF (cubic, Im-3m, a =
31.0622(7) Å). The framework structure is based on 8-coordinate In3+ ions N-, O-heterochelated by four separate HImDC ligands (InN4(CO2)4 MBB) to give InN4 TBUs. The
assembly of the 4-connected TBUs results in the generation of truncated cuboctahedra
(the α-cage is enclosed by 48 InN4 TBUs), which link together through double eightmember rings (D8R) to form the rho-ZMOF. The framework unit cell (volume 8 times
larger than conventional inorganic zeolite RHO) is formulated as ([In48(HImDC)96]48-),
where the negatively charged framework is balanced by cationic guest molecules.
The presence of [H2TMPyP]4+ inside rho-ZMOF was confirmed by solid-state
UV-vis studies of the fully washed crystalline solid, H2RTMPyP, where the spectrum
shows the characteristic five absorption bands associated with the free-base porphyrin
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(λmax = 434, 522, 556, 593, 648 nm), Figure 5.7. Accordingly, the porphyrin was not
metallated by In3+ present in the assembly conditions. It should be noted that the
inclusion of the porphyrin inside the cages of rho-ZMOF could not be verified by singlecrystal XRD due to the lower symmetry of the porphyrin molecules, C1, compared to the
cubic Im-3m symmetry of the framework, i.e. not enough constraints can be exerted on
the multiple possible orientations of the porphyrin molecule inside the cages, believed to
be necessary to induce long-range order inside rho-ZMOF.

Figure 5.7. Diffuse-reflectance, solid-state UV-vis spectra of H2RTMPyP and its various
metallation products.
Incubation of H2RTMPyP in an aqueous solution of Na+ ions showed no release
of the porphyrin, as indicated by UV-vis studies of the solution. In contrast, smaller
cationic molecules, such as acridines, can be reversibly immobilized (through

242

electrostatic interactions) inside rho-ZMOF cavities through ionic exchange due to their
smaller dimensions, ca. less than 1 nm.3 Dissolving H2RTMPyP in strongly acidic
aqueous solution allows release of the porphyrin into solution, which permits the
estimation of the loaded amount of [H2TMPyP]4+ to be 2.5 wt. %, controllable via
variable concentration of free-base porphyrin during synthesis of H2RTMPyP.12 These
findings prove the encapsulation of the free-base porphyrin, and support the absence of
porphyrin leaching, mainly due to the relatively smaller size of the window openings to
the α-cages, i.e. D8Rs. In addition, similar in situ encapsulation conditions to the
aforementioned cationic porphyrin did not permit the encapsulation of neutral nor anionic
porphyrins nor phthalocyanines inside rho-ZMOF, supporting the importance of
electrostatic interactions between the cationic porphyrin and the anionic framework
during the simultaneous self-assembly and encapsulation processes.
Potential metallation of the free-base porphyrin H2RTMPyP will allow for its
utilization and exploration as a platform for metalloporphyrin-based catalysis. Indeed, we
have successfully metallated the encapsulated free-base porphyrin, post-synthesis, by
exposing H2RTMPyP to various solutions of transition metal ions. Metallation of
H2RTMPyP by various metal ions was accomplished via incubation in a 0.1M methanol
solution of the corresponding metal nitrate at room temperature for up to 24 hours. The
crystals were subsequently washed with H2O and methanol several times, and air-dried at
40ºC. The expected metallation was confirmed by UV-vis studies as indicated by the redshifted Soret-bands and collapse of the Q-bands multiplets upon metallation, Figure 5.7.
Crystals of H2RTMPyP yield M-RTMPyP, (6.2-6.5) after metallation, where M = Mn,
Cu, Zn, or Co ions.
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compared to other systems of supported metalloporphyrins (zeolites or mesoporous
silicates), table 5.1. The reaction products were formed in almost stoichiometric amounts.
The yield % was calculated assuming a 2:1 TBHP to cyclohexane molar ratio, necessary
to produce cyclohexanone through oxidation of the intermediate cyclohexanol.
The weakly polar hydrocarbon products should have low affinity for the highly
polar rho-ZMOF framework and thus readily diffuse into the solution. Cyclohexanol and
cyclohexanone were the only observed products, identified through their retention times
Table 5.1. Summary of cyclohexane oxidation reactions using metalloporphyrins
encapsulated in solid matrices.
Reference

Catalyst

Solvent

Cyclohexane

Temperature,
Time

Oxidant

TONa

Yieldb

Loading

1

Fe(III)-Pd encapsulated in
zeolite Y Used 0 25
µmol catalyst
(1 porphyrin ring per 40
available supercages)

Dichloroethane

14 6 mmole

r t , 6 hours

PhIOe
5 µmol

76

38%

5%

2

Fe(III)-TMPyPf
encapsulated in zeolite X
Used 0 055 µmol
catalyst (1g solid = 1 1
µmol catalyst)

Dichloroethane

2 66 mmole

r t , 7 5 hours

PhIO 1
µmol

10

60%

5 5%

3

Fe(III)-TMPyP
supported on silica
surface and matrices
Used 0 25 µmol catalyst

Dichloroethane

200 µL

r t , not reported

PhIO 25
µmol

2~20g

2~20%

1%

This work

Mn-TMPyP encapsulated
in rho-ZMOF Used 2 9
µmol catalyst (30 mg
solid = 1 µmol catalyst)

Cyclohexane

neat

65оC, 24 hours

TBHPh
77 µmol

24

91 5%

3 8%

c

(a) TON = (moles of cyclohexanol+ 2X moles of cyclohexanone)/moles of catalyst; (b) based on moles of oxidant; (c) moles of
catalyst/moles of oxidant; (d) P = tris(4-N-methyl-pyridyl)-mono(pentafluorophenyl) porphyrin; (e) PhIO = iodosobenzene; (f)
TMPyP = 5,10,15,20-tetrakis(1-methyl-4-pyridinio)porphyrin; (g) values reported depend on the different catalyst systems used in
reference 3; (h) TBHP = tert-butylhydroperoxide.

1.
2.
3.

Skrobot, F. C.; Rosa, I.; Marques, A.; Martins, P.; Rocha, J.; Valente, A.; Iamamoto, Y. J. Mol. Cat A. 2005,
237, 86-92.
Rosa, I.; Manso, C.; Serra, O.; Iamamoto, Y. J. Mol. Cat. A. 2000, 160, 199-208.
Moreira, M. S. M.; Martins, P. R.; Curi, R. B.; Nascimento, O. R.; Iamamoto, Y. J. Mol. Cat. A: Chem.
2005, 233, 73-81.
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compared to authentic samples, suggesting that the investigated oxidation reaction is
selective towards the formation of this alcohol and ketone under the conditions employed
(i.e. no further oxidation products were detected).
The solid matrix Mn-RTMPyP readily can be separated from the product solution
by simple filtration, a feature unique to heterogeneous solid-immobilized catalysts that
allows for studies of recyclability of the catalyst/platform. Indeed, Mn-RTMPyP is
recyclable under the reaction conditions up to at least the 11th cycle (the reported results
in this study), as Mn-RTMPyP retains its crystallinity, reactivity and selectivity
throughout this number of cycles. Each cycle was run for 24 hours, and then MnRTMPyP was isolated, washed with methanol, and dried at 40°C. No leaching of the
encapsulated metalloporphyrin was observed as evident from the UV-vis spectrum of the
product solution. In fact, catalytic activity was observed only when crystals of MnRTMPyP were present in the reaction mixture. No catalytic activity was observed for the
control reactions: 1) in the absence of porphyrin and rho-ZMOF, 2) in the presence of
only the rho-ZMOF (no porphyrin), 3) in the presence of Mn2+-exchanged rho-ZMOF
(no porphyrin), and 4) in the presence of H2RTMPyP (free-base porphyrin in rhoZMOF). These results confirm that the observed catalytic behavior is unique to MnRTMPyP, rho-ZMOF impregnated with Mn-metallated porphyrin.
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5.3

Experimental

Synthesis of the free-base porphyrin encapsulated in rho-ZMOF, [H2TMPyP]-rhoZMOF, (6.1): All chemicals were Aldrich reagent grade and used as received, unless
otherwise noted. In a 20 ml vial, a mixture of In(NO3)3⋅xH2O (0.015 g, 0.0435 mmol),
4,5-H3ImDC (0.014 g, 0.087 mmol), DMF (1 ml), CH3CN (1 mL), and 0.1ml of 8 mM
methanol solution of [H2TMPyP][p-tosyl]4, were mixed; the vial was sealed and heated to
85ºC for 12 h, then to 105 ºC for 24 h with a heating rate of 1.5ºC/min, and then cooled
down to room temperature with a cooling rate of 1ºC/min. Dark red crystals of (6.1),
[H2TMPyP]4+ encapsulated inside rho-ZMOF, were then collected, washed with DMF,
and then washed with methanol several times, until no residual amount of porphyrin was
present in the washing solution, as evident from the UV-vis spectrum of the washing
solution.
In an attempt to maximize porphyrin loading into rho-ZMOF, 1.198 mmole of
4,5-H3ImDC, 0.5 mmol of In(NO3)3⋅xH2O, 30 µmol of [H2TMPyP][p-tosyl]4, DMF, and
ethanol (3 ml each) were mixed in a 25 mL scintillation vial. The vial was then heated
using the same procedure for the synthesis of (6.1). The resultant crystals, (6.2), were
washed several times with methanol until no residual porphyrin was present. 10.8 mg of
(6.2) were dissolved in 25ml conc. HNO3, from which 1 ml was diluted to the volume of
10 ml using D.I. water. Using atomic absorption to determine concentration of In3+ ions
and UV-vis for porphyrin (ε438 = 1.9 x 105 M-1 cm-1), an estimate of 67% loading of
porphyrin into the α-cages (each made of 24 In3+ ions) was possible. Further increase of
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the free-base porphyrin concentration in the reaction mixture precludes formation of
crystalline material.
Synthesis of the metallated porphyrin encapsulated in rho-ZMOF,
[MTMPyP]-rho-ZMOF, M = Zn, Cu, Co, Mn, Ni: The general procedure to metallate
the free-base porphyrin encapsulated inside rho-ZMOF is accomplished through
immersion of the [H2TMPyP]-rho-ZMOF crystals in 0.1M methanol solution of the
corresponding metal nitrate at room temperature for 24 hours until metallation was
commenced as probed by the characteristic UV-vis spectra of the metallated porphyrin.
The crystals were subsequently washed with H2O and methanol several times, and airdried at 40ºC. The expected metallation was confirmed by UV-vis spectroscopy as
indicated by the red-shifted Soret-bands and collapse of the Q-bands multiplets upon
metallation.
Catalytic oxidation reaction conditions: 77 µmol of tert-butylhydroperoxide
(TBHP), dried over MgSO4, 100 µmol chlorobenzene as internal standard, 10 ml
cyclohexane, and 88 mg of the MnTMPyP-rho-ZMOF catalyst (equivalent to 2.9 µmol of
Mn-TMPyP) were mixed, under aerobic conditions, in a 25 mL round-bottom flask fitted
with a silicone septum. The reaction mixture was then held at 65°C in an isothermallystated bath for the required amount of time, as determined by analyzing aliquots of the
mixture over time using a gas-chromatogram coupled to a flame ionization detector (GCFID).
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GC-FID specifications: A Shimadzu GC-201 was used, using N2 carrier gas and
equipped with a 30 m, 0.1 mm i.d. Agillnet capillary column DB-5. The injection port
was kept at 220ºC, and the detector port at 320ºC. Oven program: 73ºC for 25 minutes,
heating rate of 20ºC/min, final temperature of 250ºC for 5 minutes. The column flow was
kept at 0.1 ml/min, split = 50. Retention times: TBHP (3 min), cyclohexane (4.5 min),
chlorobenzene (14.6 min), cyclohexanol (16.9 min), and cyclohexanone (17.8 min). The
sample injected volume was 1 µL.
5.4

Conclusion
Here we have demonstrated the utilization of (In-HImDC)-based rho-ZMOF as a

host for large catalytically active molecules, specifically metalloporphyrins, and its effect
on the enhancement of catalytic activity. In order to produce a versatile platform (i.e. can
be tailored to meet specific applications), we encapsulated the free-base porphyrin, which
was readily metallated, post-synthesis, by various transition metal ions to produce a wide
range of encapsulated metalloporphyrins.
This work has the potential to be extended to explore further utilization of rhoZMOF encapsulated metalloporphyrins, towards other catalytic transformations like
cyclopropanation and epoxidation of alkenes. In addition, potential modifications to the
encapsulated porphyrin to induce stereoselectivity, enhance regioselectivity and/or
reactivity are of considerable interest for future investigations.
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Chapter 6: Unexplored Potential Applications of Metal−Organic Materials in
Photochemical Hydrogen Generation.

Metal−organic materials,1 as functional solid state materials continue to receive
scientific interest due to their myriad applications associated with the hybrid composition
nature, modular architecture, and rational design approaches mapped for a wide number
of sub families of such compounds. One particular application is uncharted yet could
prove very rewarding, that is in photochemical hydrogen generation. The combination of
already established systems, mostly molecular, in photochemical hydrogen generation
technology and the relatively new area of metal−organic materials can pave the road for
novel technologies capable of catalytic activity in photochemical hydrogen generation
with far enhanced efficacy, a necessary step for commercial deployment of such clean
energy resource. Such potentials and proposed future investigations are highlighted
herein.
6.1

Harvesting Solar Energy
The three major conceptual designs for cost-efficient solar energy converters are

homogenous light-driven catalytic systems for water splitting, 2,3 dye-sensitized solar
cells (DSSCs),4 and polymer-based solar cells.5 While the first system converts solar
energy directly into chemical energy stored in molecular hydrogen, the latter two systems
generate electric power that could subsequently be utilized directly for various
applications or indirectly by conversion into hydrogen through electrolysis processes.
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Each type of the aforementioned solar systems utilizes photoactive materials for photonto-electron conversion through either photoactive metal complexes or purely organic
molecules. Polymer-based solar cells are the least expensive; however, DSSCs are the
most promising solar cells demonstrating higher efficiencies than polymer-based cells.
Charge collector anode, regeneration redox shuttle, and a counter electrode are common
parts in DSSCs. Differences in the nature of the photoactive material, redox shuttle, and
photoanode play major roles in determining the cost, efficiency and lifetime of the
various DSSCs thus constructed. Consequently, attempts were made to enhance the
characteristics of those elements through careful design and manipulation, on the
molecular level, aiming to attain optimal performance and energy production cost for
commercial deployment of the solar technology.6, 7
6.2

Homogenous Systems for Water Photolysis
The Gibbs free energy change for the overall water photolysis reaction (eq. 6.1) is

237.2 kJ mol−1. Thus, the reaction is non-spontaneous and requires an input of energy
that corresponds to 1.23 eV per electron which could be supplied by a photon with a
wavelength of λ < 1008 nm. Hence the photolysis of water can be theoretically and
thermodynamically met by a photon from the visible region of the solar spectrum.
Unfortunately, only in this regards, water does not absorb in the visible region of the
solar spectrum, where the most intensity of solar energy is, and thus the need of a catalyst
that can efficiently absorb visible radiation and convert the photoenergy into usable
electric energy arises. In homogenous photolysis systems, a photosensitizer molecule
absorbs photons with energies larger than the HOMO-LUMO energy gap generating an
electron-hole pair. Separation of the photo-generated electron-hole pairs (excitons)
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followed by redox reactions at a catalytic site are accomplished on the molecular level. In
contrary to heterogonous systems employing semiconductors as the photoactive material,
homogenous photolysis systems eliminate the need for an external circuit and integrated
photoanode, thus decreasing the voltage penalty from overpotentials developed in
semiconductor solar cells. However, increasing efficiency and chemical stability of
homogenous systems remains a challenge.
2e- + 2H2O

2OH- + H2

-0.41 V

2h+ + H2O

2H+ + 1/2 O2

-0.82 V

Equation 6.1. Redox potentials for water at pH = 7 and 25°C

**[Ru(bpy)3]2+
Radiationless
Decay

hv

*[Ru(bpy)3]2+

+0.84 V

-0.86 V
hv`
+1.26 V
3+

[Ru(bpy)3]

Luminesense

[Ru(bpy)3]2+

-1.28 V

[Ru(bpy)3]+

Figure 6.1. Light absorption by [Ru(bpy)3]2+ producing singlet excited state which
relaxes to the relatively long-lived triplet excited state. Standard redox potentials for the
different processes are shown.
Separation of the electron-hole pair followed by electron transfer (ET) from
photosensitizer (P) to the acceptor (A) catalyst, due to electrochemical potential
difference between the photoactive and catalytic centers, is followed by oxidation of
water by holes and reduction of protons by electrons. Regeneration of the oxidized
256

photoactive center could also be attained by a sacrificial chemical agent, as electron
donor, to complete the catalytic cycle. Among the widely employed and by far the most
efficient photoactive species in DSSCs and catalytically-active homogenous systems are
ruthenium tris-diimine complexes, represented here by [Ru(bpy)3]n+, bpy = 2,2`bipyridine, Figure 6.1. Such dyes exhibit several favorable attributes as photochemically
active species that include (1) suitable MLCT band gap energy, allowing absorption in
visible region of solar spectrum, (2) relatively long-lived triplet excited state, (3) efficient
charge separation, (4) chemical stability, and (5) enhanced redox properties of the photoinduced excited state. Photo-induced MLCT in [Ru(bpy)3]2+ generates the singlet excited
state **[Ru(bpy)3]2+ that relaxes through intersystem crossing to the relatively long-lived
triplet excited state (τ = 0.6 µs at 25°C), *[Ru(bpy)3]2+.8 The triplet excited state exhibits
enhanced electrochemical property, being better redox species than [Ru(bpy)3]2+ by 2.12
V, thus could subsequently undergo an ET process (oxidative quenching) or relaxation to
ground

state

through

luminescence.

Catalytically-active

centers,

in

particular

cobaloximes, acting as electron acceptors when in proximity of *[Ru(bpy)3]2+, facilitate
water reduction. The widely accepted mechanism for cobaloxime-catalyzed hydrogen
generation involves first reduction to Co(I) followed by protonation generating Co(III)hydride that undergoes protonation producing hydrogen and Co(III) species.9
6.3

Dye-Sensitized Solar Cells (DSSCs)
Since the original conception of the first DSSC by Grätzel and coworkers in

1991,10 the efficiency of such light-harvesting assemblies has improved while
maintaining essentially the same configuration of the original design,6 Figure 6.2. The
three major photo-related components of a DSSC, undergone extensive investigation and
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optimization, are the dye, redox shuttle, and photoanode.7 In DSSCs, a photoactive
material with relatively moderate HOMO-LUMO energy gap, e.g. Ru(bpy)3 ~1.6 eV, is
used as photosensitizer. Upon excitation of the dye due to absorption of solar energy in
visible spectrum, an electron-hole pair (exciton) is generated. If the dye molecules are in
good conjugation with n-type semiconductor electrode, electron transfer (injection)
occurs from the dye molecules to the conduction band of semiconductor, leaving behind a
localized hole on the photo-oxidized dye molecule.

Dye

Anode

Cathode

Electrolyte

*

S

inj

C.B.

∆V
hυ
TiO2

Red

Ox

e-

S0/S+

Figure 6.2. Schematic presentation of the major components in DSSCs.

Electron collection by the photoanode, e.g. TiO2, allows for current buildup utilized
through external load and thus producing useful electrical work. Electrons re-enter the
cell from the cathode which is in contact with an electrolyte solution containing a redox
couple, e.g. I-/I3-, acting as an electron relay to regenerate the photo-oxidized dye and
thus restoring the cycle. The current advances in technologies for fabrication of
photoanodes based on sintered TiO2 nanoparticle film (NP) resulted in enhanced
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efficiency of DSSCs. This is mainly due to enhanced internal surface area of the NP film
allowing for higher dye loading. Photoanode roughness factor, described as the ratio of
actual to projected surface, exceeding 1000 is necessary for good light harvesting with
ruthenium sensitizers. While such sintered TiO2 photoanodes exhibit good performance
in current DSSCs, highest validated efficiency of 11.1%

11

, disadvantages including

relatively low surface area,12, 13 limited materials generality,14 tedious particle synthesis,
and the use of liquid electrolyte unfavorable for field applications,15require further
modifications for better performance in future generations of DSSCs.16
6.4

Polymer-Based Solar Cells
Conductive organic polymers that could be regarded as photo-doped organic

semiconductors emerged as materials capable of harvesting solar energy with economic
advantages due to the relatively moderate conditions and less energy-consuming
processes involved in fabrication.17 Several low-cost techniques for deposition of
conductive polymers such as screen printing, doctor blading, inkjet printing and spray
deposition are possible due to the solubility of such polymers in several suitable solvents.
In addition, polymer-based cells provide aesthetic aspects for integration into modern
architecture, and more important is their polymer nature permitting applications in
portable appliances and disposable cells. The π- π* transitions in conjugated polymers are
with strong absorption (extinction coefficients ~105 cm-1) allowing for efficient light
harvesting by thin layers of active materials and could be tuned through molecular design
to maximize light harvesting efficiency in the optical spectrum.
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6.5

Potential Applications of Metal−Organic Materials in Photochemical
Hydrogen Generation

Discrete supramolecular heteronuclear complexes: multiple-sensitizer cobaloxime
catalytic core assemblies (PnA):
Co[Ru(bpy)2(phendioxime)]2. The catalytic activity of a cobaloxime system
containing Cr(II) ions, as sacrificial regeneration agent, in acidic solution for hydrogen
production was first reported by Connolly and Espenson.

19

Electrocatalytic hydrogen

production by cobaloximes was reported by Peters et al, where structural modifications
of cobaloximes resulted in more favorable Co(II/I) redox potential.20, 21 In a recent study
by Artero and co-workers, the catalytic activity of photosensitized cobaloximes for
hydrogen production was first demonstrated.22 In this system, heterodinuclear
Ru(diimine)3-cobaloxime photocatalysts were able to accomplish photochemical
production of hydrogen. The area of photosensitized cobaloxime remains largely
unexplored and thus we propose the design of novel family of multiple sensitized
cobaloximes. In this section, the design principle of P2A-type assemblies, two
photosensitizer (P) molecules simultaneously coordinated to one charge-acceptor
catalytic center (A), relies on the stoichiometry of photoelectrons necessary to
accomplish catalytic water splitting. As evident from eq. 6.1, two moles of electrons are
required for production of one mole of hydrogen, and four for each mole of oxygen
produced. For PA systems, the catalyst is required to stabilize the various intermediates
resulted from single ET, as reactants proceed to products, while the next P regeneration
cycle commences. Therefore, increasing the number of P molecules around the catalytic
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24

Phendiooxime

molecule is a bis-bidentate ligand ideally suited as a bridging linker to construct Ruphendioxime-Co systems. Careful manipulation of the reactions conditions will allow
Electron Transfer:
Co(III) + e-

ÆCo(II)

(6.2)

Co(II) +e-

ÆCo(I)

(6.3)

Æ Co(III)-H + A-

(6.4)

Hydride Formation:
Co(I) + HA
Heterolytic pathway:
Co(III)-H + HAÆ Co(III) + H2 + A- (6.5)
Co(III) + Co(I) Æ 2Co(II)

(6.6)

Homolytic pathway:
Co(III)-H + Co(III)-H Æ 2Co(II) + H2

(6.7)

Equations 6.2-6.7: Electrocatalytic hydrogen production by cobaloximes.

control over the resultant dimensionality of the intended supramolecular complexes,
scheme 2. In scheme 6.2, the use of [Ru(bpy)2]n+ in combination with the phendioxime
precursor, 1,10-phenethroline-5,6-dione, is expected to result in [Ru(phendione)(bpy)2]n+
which could easily be transformed into the corresponding dioxime under mild reaction
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conditions.
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The obtained dioxime will subsequently be reacted with Co(II) salts in

compatible solvents (e.g. H2O, EtOH, MeOH, or DMF), to obtain the targeted P2A
supramolecular complex, Figure 6.4.
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Scheme 6.2. The reaction steps for preparation of the [Ru(phendioxime)(bpy)]n+.
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Figure 6.4. Ru-cobaloxime multiple-sensitizer catalytic core assemblies of the P2A-type

Co[Ru(bpy)2(phendioxime) (BF2)]2. This covalently modified cobaloxime is
expected to demonstrate higher chemical stability over a wide range of solution pH.20, 25
Due to the nature of B-O bonds, being stronger than charge assisted H-bonds, covalently
modified cobaloximes demonstrate higher chemical stability and thus longer lifetime
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compared to their H-bonded prototypes. Co[Ru(bpy)2(phendioxime)(BF2)]2, Figure 6.5, is
expected to be accessible from the corresponding H-bonded structure through treatment
with BF3.Et2O.22 This stage of the proposal involves performance optimization of the Rucobaloxime P2A systems. Further modification of the organic moiety of the
supramolecular complex through substitution by electron-withdrawing functionalities
will be attempted. Examples include nitrate and halide substituted bpy molecules, where
previous studies showed enhanced electrochemical properties, less negative redox
potential of the Co(II/I) couple, for relatively electron-deficient oximes.
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Figure 6.5. Covalently modified analog of P2A Ru-cobaloxime multiple-sensitizer
catalytic core.

Pentranuclear P4A Systems. Ru-cobaloxime cluster based on 4,6-bis([2,2`]bipyrid-6-yl-5-carbaldehyde oxime)pyrimidine as ditopic hexadentate ligand
simultaneously coordinated to two tpy-capped Ru centers, tpy = [2,2';6',2'']terpyridine
will be targeted. Pyrimidine and tpy are both good σ and π donors and good π acceptors,
thus able to stabilize the low and high oxidation states of coordinated metal ions. In
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coordination to Ru ions, these ligands provide kinetically and thermodynamically stable
complexes suitable for various electro and photochemical processes. The aforementioned
supramolecular complex has been investigated by Lehn et.al,26 with various substituents
on C2 of the pyrimidine ring, however, no reports of the interactions between the
photoactive species and electron acceptor cobaloxime exist.
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Figure 6.6. (Left) binuclear Ru complex reported by Lehn et.al, and (right) the proposed
complex utilizing bidentate ligands.

The binuclear Ru-complex exhibits interesting spectroscopic and electrochemical
properties owing to both metal-metal and metal-ligand interactions. The two ruthenium
centers, bridged by pyrimidine ring, exhibit metal-metal interactions affecting both Rupyrimidine and Ru-tpy MLCT bands as well as the redox potentials of the metal centers.
The UV-vis spectra of the binuclear complexes reported by Lehn et.al demonstrate the
additive behavior of the ligand-centered (LC) π-π* transitions along with a red-shift in
the MLCT compared to mononuclear complex. The red-shift in MLCT band for tpy (501
to 646 nm) was ascribed to stabilization of the π* orbitals of the bridging tpy ligand due
to second coordination of the cationic ruthenium ion. Interestingly, a new MLCT band in
the binuclear complex appears at 610 nm which accounts for splitting and lowering of the
tpy π* orbitals. These findings are in agreement with observed electrochemical results
showing reduction of the bridging ligand at lower negative potentials. Two one-electron
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oxidation processes (RuII/RuIII, centered at +1.5V vs SCE with ∆E = 0.16 V) were
observed and indicate metal-metal interactions in the binuclear complex. However, the
binuclear Ru complexes with tridentate polypyridinyl ligands, in contrast to their
bidentate counterparts, exhibit poor luminescence most likely due to disordered
octahedral geometry of coordinated metal ions. We propose utilization of 4,6-bis(2Pyridyl)pyrimidine as tetradentate ditopic bridging ligand while substituting tpy by 2,2`bipyridine for construction of the pentanuclear P4A systems below, Figure 6.7. As
described above the synthesis of covalently modified cobaloxime will be attempted trying
to enhance the lifetime of the catalyst through better chemical stability in aqueous
medium.
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Figure 6.7. The proposed P4A complexes utilizing Ru-bridging through tetradentate
ditopic ligand (left) H-bonded cobaloxime and (right) covalently modified analogue.
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Two and three-dimensional Ru metal−organic materials: In this design,
extended MOMs having the potential to act as solid-state photosensitizers for
heterogeneous photoelectrochemical reactions are targeted. The frameworks of interest
are extended coordination polymers where Ru-diimine complexes serve as integral parts
of the construct. Through molecular design of judiciously functionalized diimine-type
ligands, it is possible to obtain extended Ru-based frameworks with predefined
geometries and accessible voids. Several possible diimine-type ligands suitable for this
approach include the ditopic tetra-dentate diimines and the 4,4'-dicarboxy-2,2'-bipyridyl
ligands. Post-synthetic modification of the resulted extended frameworks through
diffusion of molecular complexes, e.g. cobaloximes or Pd complexes acting as catalysts
for reductive hydrogen production, from aqueous solution into the voids of targeted
MOMs could potentially result in the targeted photochemically active materials.
Moreover, upon absorption of solar energy, excitation of Ru-dye complex followed by
ET to the redox catalyst initiates the photochemical water splitting. Sacrificial electron
donor species, e.g. triethanolamine, could be employed for regeneration of the photooxidized Ru-complex. Organic ligands suitable for construction of Ru-based hexagonal
2D layers or the 3D (10,3)-a networks are ditopic tetra-dentate diimine ligands. The use
of ditopic tridentate tetra-2-pyridyl-1,4-pyrazine (tppz) has provided oligomeric linear
structures of highly conjugated Ru complexes showing interesting spectroscopic
properties. An example of the targeted ligands is the tetrapyrido[3,2-a:2`,3`-c:3``,2``h:2```,3```-j]phenazine (tpphz), scheme 6.3. While tpphz has been utilized to construct
binuclear Ru and Os complexes,27 capped with terminal bpy ligands, there is no
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precedence for an extended MOF of Ru or Os constructed from this ditopic tetradentate
ligand.
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Scheme 6.3. Synthetic pathway for tpphz ligand.

Extended Ru complexes based on ditopic bi-dentate dibenzo[1,4]dioxine
bridging ligands: Extending the organic linker through chemical modification of the
bridging unit is a viable route for construction of isostructural frameworks with enhanced
porosity. The extended linker, described in scheme 6.3,28 upon coordination to Ru ions is
expected to yield isostructural complexes to [Ru(tpphz)3]n but with enhanced porosity
thus permitting diffusion of larger catalytic complexes into the voids of the framework.
Moreover, the different nature of heteroatoms in this linker will permit investigation of
the ligand’s electronic configuration effects on the overall spectroscopic properties of
attained Ru polymer and thus provide insight into potential pathways for performance
enhancement.
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Scheme 6.4. Synthetic pathway for dibenzo[1,4]dioxine-bridged phenanthroline.
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Binodal mixed ligand-mixed metal MOMs: In these systems, another aspect of
molecular design principles will be implemented towards utilization of Ru MOMs.
Molecular complexes, of the Ru(bpy)3 type, will be utilized as a rigid and directional
molecular building block (MBB) with well defined geometry and coordination sites to
construct extended MOMs. An example of the proposed MBB is the hexacarboxylic acid
[Ru(4,4'-dicarboxy-2,2'-bipyridyl)3], regarded as the primary octahedral node which upon
coordination to metal ions (e.g., Zn, Co, Cu …etc.), as secondary nodes, is expected to
result in extended binodal MOFs, Figure 6.8. In this design, the primary node acts as both
photosensitizer and 6-connected node, in conjuncture to secondary coordination nodes, to
construct photoactive porous solids. By judicious choice of the reaction conditions
(solvents, structure-directing agents, counterions, transition metal ions, etc.) extended
porous MOFs could be obtained. Due to the highly directional nature of the SBB,
attainable topologies, dependent on the secondary node geometry, of the MOFs could be
enumerated. Porosity of the constructed frameworks will allow for diffusion of water,
redox catalysts, and sacrificial agents for photosensitizer regeneration. In this stage of the
proposed work, identification of the ideal combination of redox catalyst and regenerating
agents will be attempted. Moreover, covalent modification to produce extended linkers
similar to the 4,4'-dicarboxy-2,2'-bipyridyl ligand will be attempted. Extending the size of
the linker is one of the robust and well-documented molecular design concepts that
provided isostructural MOFs with enhanced porosity.
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Figure 6.8. [Ru(4,4'-dicarboxy-2,2'-bipyridyl)3]2+ complex as photoactive, 6-connected
SBB for constructing extended MOF.

Integrated photosensitizer-redox catalyst MOMs: A combination of the
multiple-photosensitizer approach developed in earlier sections with enhanced chemical
stability of extended MOFs, is proposed. Utilization of specifically designed ditopic
tetradentate organic linker, [1,10]phenanthroline-5,6-dione dioxime (phendioxime), to
construct

photochemically-active

MOFs

is

described.

Coordination

of

[1,10]phenanthroline to Ru provides an analogue to the discrete photosensitizer Ru(bpy)3,
however, functionalization of the phenanthroline ligand to incorporate oxime groups
enables the extension of Ru-diimine core into periodic structures. The choice of oxime
functionality is justified based on the known electrochemical activity of cobaloximes
towards hydrogen generation. Moreover, the electron delocalization throughout the
targeted Ru-phendioxime-Co system suggests enhanced ET reactions between the Rudiimine excited state(s) and Co catalyst center. Therefore, the proposed framework
combines the unique attributes of MOFs, in general, the photoactivity of Ru-diimine, and
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the redox activity of cobaloximes in one integrated solid-state material. Such system will
be of tremendous interest to probe the changes of the various desirable attributes of its
molecular components once assembled into periodic structures. As applicable to all the
Ru-diimine sensitized systems, sacrificial electron donors will be incorporated into the
system through simple diffusion. Once constructed, the hybrid MOF will be screened
against various available sacrificial electron donor reagents to optimize its overall
activity.
In this system, photo-excitation of [RuII(Phendioxime)3] generates the
**

[RuII(Phendioxime)3] singlet excited-state which relaxes to the triplet excited-state

through intersystem crossing. ET from

*

[RuII(Phendioxime)3] to the cobaloxime

generates the highly nucleophilic Co(I)-cobaloxime that undergoes protonation
generating Co(III)-hydride intermediate. The arrangement of two photosensitizers around
one cobaloxime center provides the advantage of multiple sensitizers. The two-step
ligand synthesis, scheme 6.2, reported by Bodige and Macdonnell24 starts from
[1,10]phenanthroline through oxidation to the [1,10]-phenanthroline-5,6-dione. This
dione intermediate could be transformed into the dioxime under relatively mild
conditions, a key step to this part of the proposal. The ability to transform N,Ncoordinated phendione into the corresponding oxime provide a pathway to avoid
competitive coordination of Ru to the oxime functionality, by introducing the oxime
functionality to the pre-assembled Ru(phendione)3. Isolation of the Ru(phendioxime)3
complex followed by reaction with Co(II) salts in basic medium is expected to construct
the targeted framework.
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Figure 6.9. Projected structure of a MOF based on the [1,10]Phenanthroline-5,6-dione
dioxime (phendioxime) ligand bridging Ru-photosensitizer to cobaloxime redox catalyst.

Photo-active metal-organic materials on TiO2 functionalized surfaces: An
alternative approach to currently utilized TiO2 nanoparticle films in DSCCs to enhance
surface dye loading with minimal processing and at lower fabrication costs could
potentially be attained through incorporation of Photo-active metal-organic materials on
TiO2 functionalized surfaces. This approach encompasses functionalization of the
crystalline TiO2 surface with bi-functional organophosphonate molecules,29, 30 followed
by charge-assisted growth of layered ruthenium-tris-diimine complexes. The Ru
complexes of interest should be capable to self-assemble from a solution of molecular
precursors into cationic 2D sheets where favorable electrostatic interactions with the
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TiO2-phosphonate modified surface will catalyze and further anchor the first layer of
deposited Ru-complexes. Furthermore, multiple layers of the Ru-complexes could be
deposited, in a controllable fashion, through manipulating the reaction conditions
including concentration of molecular precursors in the original solution, reaction time,
temperature and solvent type. One ideal organic linker suitable for generating 2D Rubased coordination polymer is the 2,2`-bipyrimidine molecule. The default structure
expected from assembly of octahedrally-coordinated Ru ions, as tri-connected node, and
2,2`-bipyrimidine, as linear linker, is the hexagonal (honeycomb) 2D layers, known also
as the (6,3)-connected net. (6,3)-networks are characterized by hexagonal 1D channel,
where self interpenetration is likely to occur. Moreover, it should be noted that
supramolecular assembly of tri-connected nodes could result is the 3D (10,3)a-network, a
chiral network characterized by presence of four-fold helices with same handedness,
amenable also for interpenetration. While this approach allows for higher loading of the
photoactive dye on the TiO2 surface, more important, it is expected to enhance the
efficiency of DSCCs, preventing unfavorable injected-electron interception by the
electrolyte. Electron interception by the redox shuttle electrolyte in today’s DSCCs
occurs as the electrolyte encounters the TiO2 surface. Therefore, coating the TiO2 surface
with the MOF is expected to provide a physical insulation from the redox electrolyte and
thus have the potential to forge DSSCs with enhanced efficiency.
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Figure 6.10. Schematic diagram of targeted phosphonate-surface modified TiO2 where
photoactive cationic MOF could be anchored on the anionic surface.

Solid-State MOF-Sensitized Bi-Photoelectrode DSSC: In this design, a tandem
solar cell is constructed from photoanode n-type semiconductor and a photocathode ptype semiconductor to maximize the cell potential through light harvesting in broader
range of the solar spectrum. Although various designs for tandem cells already exist, our
approach differs in that the photosensitizer is a multi-layer or 3D Ru-based metal−organic
complexes anchored to chemically-modified photoanode surface described in the
previous section. Moreover, this proposed cell architecture allows for potential
substitution of the commonly used redox shuttle electrolyte I-/I3- in DSSCs by conductive
organic polymer deposited in-between the metal−organic film and the photocathode. The
polymer-MOF contact could be maximized through controllable diffusion of the polymer
chains inside the voids of the MOF. Careful manipulation of the polymer coating,
polymer chains diffusion only through outer few layers of the MOF, could establish
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Figure 6.11. Schematic diagram of the proposed tandem photosensitized solar cell with
conducting polymer deposited on the surface of photoactive MOF.

satisfactory charge conduction from photocathode to the MOF, for rapid dye
regeneration, while avoiding a short circuit configuration.
Ruthenium Coordination Polymers as Low Band Gap Photo-Doped
Semiconductors: Given the enormous interest in Ru-diimine complexes as
photosensitizers,8, 31-36, 36 a surprisingly very few studies have been conducted on their
extended coordination polymers.27,

33, 37-39

The type of coordination polymers targeted

here is polynuclear complexes with organic diimine-type ligands capable of providing
conjugated systems where interactions between electronic states of the metallo complexes
are allowed. Conjugated metallo polymers of this type will provide experimental raw data
for further theoretical works and could result in fabrication of conducting or
semiconducting coordination polymers with potential applications in solar cells,
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substituting or further enhancing the photo properties of inorganic semiconductor
electrodes. Furthermore, the virtually endless possible permutations of functionalized
ligands and the large number of attainable MOF topologies provide an ample space for
manipulating the energetics of such materials through control over the degree of
conjugation and, by default, charge delocalization and band shape. The organic ligands,
variants of bpy, could be finely tuned to obtain larger or smaller degree of charge
delocalization between the metallo complexes. Different attainable topologies, dependent
on the ligand shape and synthesis conditions, are expected to result in different degrees of
conjugation and thus different spectroscopic and electrochemical properties of the
coordination polymers. Preliminary investigations of Ru coordination molecular wires,
Ru oligomers up to 4 units, demonstrate tunable HOMO-LUMO energy gap, Figure 6.12,
and further suggest the ability of attaining semiconductor or metallic properties through a
transition from quantized molecular electronic states to a band-like continuum of
electronic states upon further increase of the monomer units of the coordination
polymer.38 Therefore, synthesis of novel Ru coordination polymers is with interest, both
to advance basic science as well as to provide novel materials with potential applications
in solar cells and photo-active conducting polymers. It is worth mentioning that Ru
diimine complexes have the advantage of efficient charge separation of the photoinduced excitons, in contrast to conducting organic polymers
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between the TiO2 acceptor states and those of the photoexcited sensitizer, scheme 2. Such
observations stimulate our quest for highly conjugated Ru-diimine polymers where
stabilized LUMO energy levels, lying below CB of TiO2, is first expected to preclude ET
from the photo-excited sensitizers. However, the possibility of ET from Frank-Condon
states, i.e. non-thermalized excited states of the photosensitizer, justifies the attempt.
Moreover, establishing a band-like superposition of ground and excited states in Rudiimine polymers provides efficient solar energy utilization through harvesting in a wider
range of the solar spectrum.
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Appendix A. Crystallographic data.

Crystal data and structure refinement for 2.1.
Identification code

2.1

Empirical formula

C5 H N6

Formula weight

145.12

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Trigonal

Space group

P3(2)21
a = 8.0422(10) Å, α= 90°.
b = 8.0422(10) Å, β= 90°.

Unit cell dimensions

c = 16.675(4) Å, γ = 120°.
Volume

934.0(3) Å3

Z

6

Density (calculated)

1.548 Mg/m3

Absorption coefficient

0.113 mm-1

F(000)

438

Crystal size

0.10 x 0.10 x 0.10 mm3

Theta range for data collection

2.92 to 28.26°.

Index ranges

-9<=h<=10, -10<=k<=8, -17<=l<=22

Reflections collected

5713

Independent reflections

1482 [R(int) = 0.0354]

Completeness to theta = 28.26°

97.2 %

Absorption correction

None

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

1482 / 0 / 100

Goodness-of-fit on F2

1.029

Final R indices [I>2sigma(I)]

R1 = 0.0360, wR2 = 0.0809

R indices (all data)

R1 = 0.0437, wR2 = 0.0841

Largest diff. peak and hole

0.234 and -0.167 e.Å-3
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Crystal data and structure refinement for 2.2a and 2.2b

Identification code

2.2a

2.2b

Empirical formula

C5 H5 Br N4 O2

C6 H6 Br N3 O3

Formula weight

233.04

248.05

Temperature

100(2) K

100(2) K

Wavelength

1.54178 Å

1.54178 Å

Crystal system

Monoclinic

Monoclinic

Space group

Cc

P2(1)/c

Unit cell dimensions

a = 9.522(5) Å, α= 90.000(5)°
b = 8.643(5) Å, β= 105.391(5)°
c = 10.628(5) Å, γ = 90.000(5)°

a = 6.1177(2) Å, α = 90°.
b = 16.4011(4) Å, β =
99.2150(10)°
c = 8.9706(2) Å, γ = 90°

Volume

843.3(8) Å3

888.47(4) Å3

Z

4

4

Density (calculated)

1.836 Mg/m3

1.854 Mg/m3

Absorption coefficient

4.840 mm-1

6.201 mm-1

F(000)

456

488

Theta range for data
collection

3.24 to 24.77°.

5.39 to 65.07°.

Index ranges

-11<=h<=11, -10<=k<=10, 12<=l<=12

-7<=h<=7, -19<=k<=19, 10<=l<=10

Reflections collected

3568

7189

Independent reflections

728 [R(int) = 0.0214]

1481 [R(int) = 0.0244]

Absorption correction

None

None

Data / restraints /
parameters

728 / 0 / 61

1481 / 0 / 128

Goodness-of-fit on F2

1.288

1.078

Final R indices
[I>2sigma(I)]

R1 = 0.0247, wR2 = 0.0625

R1 = 0.0241, wR2 = 0.0591

R indices (all data)

R1 = 0.0249, wR2 = 0.0626

R1 = 0.0260, wR2 = 0.0600

Largest diff. peak and
hole

0.365and -0.410 e.Å-3

0.648 and -0.256 e.Å-3
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Crystal data and structure refinement for 2.3a.

Identification code

2.3a

Empirical formula

C9 H10 N2 O2

Formula weight

178.19

Temperature

100(2) K

Wavelength

0.71073 A

Crystal system

Triclinic

Space group

P-1
a = 7.854(7) Å, α = 85.877(12)°.

Unit cell dimensions

b = 8.376(7) Å, β = 90°
c = 16.958(17) Å, γ = 62.04°.

Volume

982.1(15) Å3

Z

4

Density (calculated)

1205 Mg/m3

Absorption coefficient

0.087 mm-1

F(000)

376
1.20 to 28.16 deg

Theta range for data collection
Index ranges
Reflections collected

-7<=h<=9, -7<=k<=6, -16<=l<=21

Completeness to theta = 28.16°

3131 / 2958 [R(int) = 0.6495]
61.2 %

Absorption correction

None

Refinement method

Full-matrix least-squares on F2

Goodness-of-fit on F2

0.770

Final R indices [I>2sigma(I)]

R1 = 0.0800, wR2 = 0.2048

R indices (all data)

R1 = 0.1727, wR2 = 0.2950

Largest diff. peak and hole

0.401 and -0.617 e.A-3
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Crystal data and structure refinement for 2.3b.

Identification code

2.3b

Empirical formula

C9 H10 N2 O2

Formula weight

178.19

Temperature

293(2) K

Wavelength

0.71073 Å

Crystal system

Orthorhombic

Space group

P2(1)2(1)2(1)
a = 9.907(18) Å, α= 90°.
b = 12.90(2) Å, β= 90°.

Unit cell dimensions

c = 13.54(2) Å, γ = 90°.
Volume

1731(6) Å3

Z

8

Density (calculated)

1.368 Mg/m3

Absorption coefficient

0.099 mm-1

F(000)

752

Crystal size

0.20 x 0.10 x 0.10 mm3

Theta range for data collection

2.18 to 28.09°.

Index ranges

-13<=h<=7, -16<=k<=16, -14<=l<=17

Reflections collected

9633

Independent reflections

3819 [R(int) = 0.2260]

Completeness to theta = 28.09°

93.2 %

Absorption correction

None

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

3819 / 0 / 240

Goodness-of-fit on F2

0.819

Final R indices [I>2sigma(I)]

R1 = 0.0818, wR2 = 0.1667

R indices (all data)

R1 = 0.1830, wR2 = 0.1910

Largest diff. peak and hole

0.256 and -0.447 e.Å-3
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Crystal data and structure refinement for 2.3c.

Identification code

2.3c

Empirical formula
Formula weight

C7 H9 Br N2 O3
249.07

Temperature

293(2) K

Wavelength

0.71073 Å

Crystal system

Triclinic

Space group

P-1
a = 6.8690(15) Å, α = 85.585(4)°

Unit cell dimensions

b = 10.869(2) Å, β = 79.920(4)°
c = 12.772(3) Å, γ = 72.191(4)°

Volume
Z

893.6(3) Å3
4

Density (calculated)

1.851 Mg/m3

Absorption coefficient

4.576 mm-1

F(000)

496

Theta range for data collection
Index ranges

1.62 to 28.27°.
-7<=h<=8, -13<=k<=14, -15<=l<=16

Reflections collected

5381

Independent reflections

3882 [R(int) = 0.0253]

Completeness to theta = 28.27°

87.5 %

Absorption correction

None

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

3882 / 0 / 271

Goodness-of-fit on F2

1.095

Final R indices [I>2sigma(I)]

R1 = 0.0438, wR2 = 0.1086

R indices (all data)

R1 = 0.0493, wR2 = 0.1117

Largest diff. peak and hole

1.040 and -0.607 e.Å-3
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Crystal data and structure refinement for 2.5.

Identification code

2.5

Empirical formula

C28 H12 Mn4 N8 O16

Formula weight

936.22

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Tetragonal

Space group

I-4
a = 12.045(2) Å α = 90°.
b = 12.045(2) Å β = 90°.

Unit cell dimensions

c = 11.285(5) Å γ = 90°.
Volume
Z

1637.3(8) Å3
2

Density (calculated)

1.899 Mg/m3

Absorption coefficient

1.599 mm-1

F(000)

928

Crystal size

0.05 x 0.05 x 0.05 mm3

Theta range for data collection

2.39 to 28.25°.

Index ranges

-15<=h<=15, -10<=k<=15, -14<=l<=12

Reflections collected

4963

Independent reflections
Completeness to theta = 28.25°

1901 [R(int) = 0.0875]
96.7 %

Absorption correction

None

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

1901 / 0 / 139

Goodness-of-fit on F2

1.046

Final R indices [I>2sigma(I)]
R indices (all data)

R1 = 0.0764, wR2 = 0.1305
R1 = 0.1079, wR2 = 0.1424

Largest diff. peak and hole

0.689 and -0.428 e.Å-3
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Crystal data and structure refinement for 2.8.

Identification code

2.8

Empirical formula

C14 H24 N7 O3

Formula weight

338.40

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Monoclinic

Space group

Cc
a = 11.616(3) Å, α= 90°.

Unit cell dimensions

b = 16.143(5) Å, β= 112.954(5)°.
c = 9.476(3) Å, γ= 90°.

Volume

1636.2(8) Å3

Z

4

Density (calculated)

1.374 Mg/m3

Absorption coefficient

0.100 mm-1

F(000)

724

Crystal size

0.05 x 0.05 x 0.02 mm3

Theta range for data collection

2.52 to 24.71°.

Index ranges

-13<=h<=10, -18<=k<=18, -4<=l<=11

Reflections collected

3413

Independent reflections

1655 [R(int) = 0.0385]

Completeness to theta = 24.71°

99.3 %

Absorption correction

None

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

1655 / 7 / 281

Goodness-of-fit on F2

1.083

Final R indices [I>2sigma(I)]

R1 = 0.0436, wR2 = 0.1041

R indices (all data)

R1 = 0.0479, wR2 = 0.1068

Largest diff. peak and hole

0.257 and -0.191 e.Å-3
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Crystal data and structure refinement for 2.10.

Identification code

2.10

Empirical formula

C14 H10 N2 O2

Formula weight

238.24

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Triclinic

Space group

P-1
a = 7.157(14) Å, α = 67.61(8)°.

Unit cell dimensions

b = 13.24(4) Å, β = 88.52(16)°.
c = 14.60(3) Å, γ = 85.48(12)°.

Volume

1275(5) Å3

Z

4

Density (calculated)

1.408 Mg/m3

Absorption coefficient

0.085 mm-1

F(000)

558

Crystal size

0.10 x 0.10 x 0.05 mm3

Theta range for data collection

2.64 to 24.71°.

Index ranges

-3<=h<=8, -9<=k<=10, -17<=l<=14

Reflections collected

2749

Independent reflections

2749 [R(int) = 0.0000]

Completeness to theta = 24.71°

63.2 %

Absorption correction

None

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

2749 / 0 / 208

Goodness-of-fit on F2

0.939

Final R indices [I>2sigma(I)]

R1 = 0.1030, wR2 = 0.198

R indices (all data)

R1 = 0.1968, wR2 = 0.2404

Largest diff. peak and hole

1.268 and -0.484 e.Å-3
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Crystal data and structure refinement for 2.12.

Identification code

2.12

Empirical formula

C11 H13 Cl Mn N6

Formula weight

319.66

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Orthorhombic

Space group

Pnma
a = 11.660(2) Å, α= 90°.

Unit cell dimensions

b = 15.465(3) Å, β= 90°.
c = 7.2472(14) Å, γ = 90°.

Volume

1306.7(4) Å3

Z

4

Density (calculated)

1.630 Mg/m3

Absorption coefficient

1.209 mm-1

F(000)

656

Crystal size

0.05 x 0.05 x 0.05 mm3

Theta range for data collection

2.63 to 28.21°.

Index ranges

-14<=h<=15, -18<=k<=19, -9<=l<=8

Independent reflections

1612 [R(int) = 0.0431]

Completeness to theta = 28.21°

96.2 %

Absorption correction

None

Refinement method

Full-matrix least-squares on F2

Goodness-of-fit on F2

1.04

Final R indices [I>2sigma(I)]

R1 = 0.0338, wR2 = 0.0765

R indices (all data)

R1 = 0.0419, wR2 = 0.0799
0.414 and -0.282 e.Å-3

Largest diff. peak and hole
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Crystal data and structure refinement for 2.13.

Identification code

2.13

Empirical formula

C11 H11 N7 O3 Mn

Formula weight

344.03

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Monoclinic

Space group

P21/c
a = 9.440(2) Å, α= 90°.

Unit cell dimensions

b = 9.247(2) Å, β= 92.492(4)°.
c = 16.904(4) Å, γ = 90°.

Volume

1474.2(5) Å3

Z

4

Density (calculated)

1.545 Mg/m3

Absorption coefficient

2.929 mm-1

F(000)

658

Crystal size

0.2 x 0.2 x 0.1 mm3

Theta range for data collection

2.16 to 28.31°.

Index ranges

-11<=h<=12, -6<=k<=12, -21<=l<=19

Reflections collected

8616

Independent reflections

3400 [R(int) = 0.0355]

Completeness to theta = 28.31°

92.5 %

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

3400 / 0 / 227

Goodness-of-fit on F2

0.975

Final R indices [I>2sigma(I)]

R1 = 0.0374, wR2 = 0.0885

R indices (all data)

R1 = 0.0506, wR2 = 0.0950

Largest diff. peak and hole

0.438 and -0.245 e.Å-3
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Crystal data and structure refinement for 2.15.

Identification code

2.15

Empirical formula

C58 H40 Mn7 N24 O18

Formula weight

1745.72

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Orthorhombic

Space group

Pbca
a = 19.247(4) Å, α= 90°.
b = 16.051(3) Å, β= 90°.

Unit cell dimensions

c = 20.945(4) Å, γ = 90°.
Volume

6471(2) Å3

Z

4

Density (calculated)

1.792 Mg/m3

Absorption coefficient

1.415 mm-1

F(000)

3500

Crystal size

0.1 x 0.1 x 0.05 mm3

Theta range for data collection

1.92 to 28.35°.

Index ranges

-25<=h<=18, -20<=k<=19, -18<=l<=27

Reflections collected

37034

Independent reflections

7620 [R(int) = 0.2366]

Completeness to theta = 28.35°
Absorption correction

94.3 %
None

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

7620 / 0 / 484

Goodness-of-fit on F2

0.987

Final R indices [I>2sigma(I)]

R1 = 0.1084, wR2 = 0.2171

R indices (all data)

R1 = 0.2393, wR2 = 0.2701

Largest diff. peak and hole

1.154 and -0.716 e.Å-3
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Crystal data and structure refinement for 2.18.

Identification code

2.18

Empirical formula

C10 H6 Cd N12

Formula weight

406.68

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Tetragonal

Space group

I4(1)/amd
a = 6.457(12) Å, α= 90°.
b = 6.457(12) Å, β= 90°.

Unit cell dimensions

c = 32.69(7) Å, γ = 90°.
Volume

1363(5) Å3

Z

4

Density (calculated)

1.982 Mg/m3

Absorption coefficient

1.624 mm-1

F(000)

792

Crystal size

0.10 x 0.10 x 0.10 mm3

Theta range for data collection

2.49 to 28.25°.

Index ranges

-8<=h<=7, 0<=k<=8, -33<=l<=19

Reflections collected

1408

Independent reflections

407 [R(int) = 0.0426]

Completeness to theta = 28.25°

80.9 %

Absorption correction

None

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

407 / 0 / 44

Goodness-of-fit on

F2

1.121

Final R indices [I>2sigma(I)]

R1 = 0.0238, wR2 = 0.0552

R indices (all data)

R1 = 0.0258, wR2 = 0.0559

Largest diff. peak and hole

0.684 and -0.378 e.Å-3
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Crystal data and structure refinement for 2.20.

Identification code

2.20

Empirical formula

C10 H12 Cl2 N8 Ni O2

Formula weight

405.89

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Monoclinic

Space group

C2/c
a = 18.210(4) Å, α= 90°.

Unit cell dimensions

b = 7.6245(18) Å, β= 122.680(4)°.
c = 12.608(3) Å, γ = 90°.

Volume

1473.4(6) Å3

Z

4

Density (calculated)

1.830 Mg/m3

Absorption coefficient

1.702 mm-1

F(000)

824

Crystal size

0.20 x 0.20 x 0.10 mm3

Theta range for data collection

2.66 to 28.24°.

Index ranges

-18<=h<=24, -9<=k<=10, -16<=l<=16

Reflections collected

4265

Independent reflections

1689 [R(int) = 0.0325]

Completeness to theta = 28.24°

92.4 %

Absorption correction

None

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

1689 / 0 / 129

Goodness-of-fit on F2

1.038

Final R indices [I>2sigma(I)]

R1 = 0.0347, wR2 = 0.0850

R indices (all data)

R1 = 0.0413, wR2 = 0.0876

Largest diff. peak and hole

0.785 and -0.319 e.Å-3
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Crystal data and structure refinement for 3.1.

Identification code

3.1

Empirical formula

C92H128N56O60Zn12

Formula weight

3763.12

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system, space group

Cubic, Fm-3

Unit cell dimensions

a = 25.976(5) Å, α = 90°
b = 25.976(5) Å, β = 90°
c = 25.976(5) Å, γ = 90°

Volume

17527(5) Å^3

Z, Calculated density

4, 1.475 Mg/m^3

F(000)

7272

Crystal size

0.10 x 0.10 x 0.10 mm

Theta range for data collection

1.36 to 22.46 deg.

Limiting indices

-14<=h<=21, -20<=k<=17, 1<=l<=27

Reflections collected / unique

3419 / 1036 [R(int) = 0.0487]

Completeness to theta = 22.46

97.8 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.8486 and 0.8486

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

1025 / 1 / 128

Goodness-of-fit on F^2

1.211

Final R indices [I>2sigma(I)]

R1 = 0.0776, wR2 = 0.1840

R indices (all data)

R1 = 0.0908, wR2 = 0.1917

Largest diff. peak and hole

0.652 and -1.343 e.Å^-3
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Crystal data and structure refinement for 3.2.

Identification code

3.2

Empirical formula

C75H83N29O65Zn8K8

Formula weight

3266.59

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system, space group

Cubic, Fm-3

Unit cell dimensions

a = 23.1553(15) Å, α = 90°
b= 23.1553(15) Å, β = 90°
c = 23.1553(15) Å, γ = 90°

Volume

12415.1(14) Å^3

Z, Calculated density

4, 1.722 Mg/m^3

Absorption coefficient

1.893 mm^-1

F(000)

6137

Crystal size

0.10 x 0.10 x 0.10 mm

Theta range for data collection

2.49 to 21.93 deg.

Limiting indices

-24<=h<=24, -24<=k<=15, 24<=l<=24

Reflections collected / unique

11935 / 693 [R(int) = 0.0392]

Completeness to theta = 21.93

99.0 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.8333 and 0.8333

Refinement method

Full-matrix least-squares on F^2

Data / restraints / parameters

693 / 2 / 85

Goodness-of-fit on F^2

1.141

Final R indices [I>2sigma(I)]

R1 = 0.0795, wR2 = 0.2277

R indices (all data)

R1 = 0.0869, wR2 = 0.2351

Largest diff. peak and hole

0.610 and -0.408 e.Å^-3
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Crystal data and structure refinement for 3.3.

Identification code

3.3

Empirical formula

C70H132N28O90Cd8Na8

Formula weight

3889.16

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Trigonal

Space group

R-3m

Unit cell dimensions

a = 40.637(5) Å α = 90°.
b = 40.637(5) Å β = 90°.
c = 39.063(7) Å γ = 120°.

Volume

55865(13) Å3

Z

9

Density (calculated)

1.010 Mg/m3

Absorption coefficient

0.751 mm-1

F(000)

16561

Crystal size

0.10 x 0.10 x 0.10 mm3

Theta range for data collection

1.74 to 20.05°.

Index ranges

-39<=h<=36, -37<=k<=37, -11<=l<=37

Reflections collected

27467

Independent reflections

5997 [R(int) = 0.0955]

Completeness to theta = 20.05°

97.1 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.9287 and 0.9287

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

5997 / 0 / 495

Goodness-of-fit on F2

1.101

Final R indices [I>2sigma(I)]

R1 = 0.0983, wR2 = 0.2308

R indices (all data)

R1 = 0.1238, wR2 = 0.2463

Largest diff. peak and hole

0.766 and -0.621 e.Å-3
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Crystal data and structure refinement for 3.4.

Identification code

3.4

Empirical formula

C60 H45 Cd8 K8 N24 O69

Formula weight

3409.28

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Cubic

Space group

Fm-3

Unit cell dimensions

a = 23.7179(19) Å, α = 90°.
b = 23.7179(19) Å, β = 90°.
c = 23.7179(19) Å, γ = 90°.

Volume

13342.2(19) Å3

Z

4

Density (calculated)

1.687 Mg/m3

Absorption coefficient

1.596 mm-1

F(000)

6545

Crystal size

0.10 x 0.10 x 0.10 mm3

Theta range for data collection

2.43 to 21.91°.

Index ranges

-8<=h<=24, -23<=k<=23, -24<=l<=24

Reflections collected

9432

Independent reflections

730 [R(int) = 0.0485]

Completeness to theta = 21.91°

96.7 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.8567 and 0.8567

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

730 / 0 / 74

Goodness-of-fit on F2

1.155

Final R indices [I>2sigma(I)]

R1 = 0.0880, wR2 = 0.2242

R indices (all data)

R1 = 0.0964, wR2 = 0.2298

Largest diff. peak and hole

0.530 and -0.438 e.Å-3
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Crystal data and structure refinement for 3.5.

Identification code

3.5

Empirical formula

C72 H80 Cd8 Cs8 N28 O60

Formula weight

4260.84

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Cubic

Space group

Fm-3

Unit cell dimensions

a = 24.593(2) Å, α = 90°.
b = 24.593(2) Å, β = 90°.
c = 24.593(2) Å, γ = 90°.

Volume

14874(2) Å3

Z

4

Density (calculated)

1.888 Mg/m3

Absorption coefficient

3.137 mm-1

F(000)

7920

Crystal size

0.10 x 0.10 x 0.10 mm3

Theta range for data collection

1.66 to 23.21°.

Index ranges

-17<=h<=27, -25<=k<=27, -27<=l<=27

Reflections collected

16459

Independent reflections

951 [R(int) = 0.0433]

Completeness to theta = 23.21°

97.4 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.7444 and 0.7444

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

951 / 6 / 84

Goodness-of-fit on F2

1.072

Final R indices [I>2sigma(I)]

R1 = 0.0794, wR2 = 0.2001

R indices (all data)

R1 = 0.0891, wR2 = 0.2091

Largest diff. peak and hole

0.978 and -0.707 e.Å-3
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Crystal data and structure refinement for 3.6.

Identification code

3.6

Empirical formula

C86 H120 Mn12 N56 O60

Formula weight

3664.56

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Cubic

Space group

Fm-3
a = 26.291(6) Å, α = 90°.

Unit cell dimensions

b = 26.291(6) Å, β = 90°.
c = 26.291(6) Å, γ = 90°.

Volume

18172(7) Å3

Z

4

Density (calculated)

1.313 Mg/m3

Absorption coefficient

0.888 mm-1

F(000)

6999

Crystal size

0.1 x 0.1 x 0.1 mm3

Theta range for data collection

2.19 to 20.43°.

Index ranges

-25<=h<=6, -21<=k<=13, -3<=l<=25

Reflections collected

3669

Independent reflections

817 [R(int) = 0.0410]

Completeness to theta = 20.43°

98.0 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.9165 and 0.9165

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

816 / 4 / 103

Goodness-of-fit on F2

1.245

Final R indices [I>2sigma(I)]

R1 = 0.0841, wR2 = 0.2320

R indices (all data)

R1 = 0.0952, wR2 = 0.2416

Largest diff. peak and hole

0.339 and -0.464 e.Å-3
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Crystal data and structure refinement for 3.7.

Identification code

3.7

Empirical formula

C92 H117 Co12 N56 O57

Formula weight

3681.48

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Cubic

Space group

Fm-3

Unit cell dimensions

a = 25.928(3) Åα = 90°.
b = 25.928(3) Åβ = 90°.
c = 25.928(3) Åγ = 90°.

Volume

17431(4) Å3

Z

4

Density (calculated)

1.382 Mg/m3

Absorption coefficient

1.245 mm-1

F(000)

7127

Crystal size

0.10 x 0.10 x 0.10 mm3

Theta range for data collection

2.22 to 21.95°.

Index ranges

-27<=h<=27, -27<=k<=26, -27<=l<=23

Reflections collected

16713

Independent reflections

974 [R(int) = 0.1058]

Completeness to theta = 21.95°

99.8 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.8856 and 0.8856

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

974 / 0 / 107

Goodness-of-fit on F2

1.099

Final R indices [I>2sigma(I)]

R1 = 0.0671, wR2 = 0.1849

R indices (all data)

R1 = 0.0815, wR2 = 0.1949

Largest diff. peak and hole

0.714 and -0.814 e.Å-3
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Crystal data and structure refinement for 3.8.

Identification code

3.8

Empirical formula

C76 H138 In8 N52 O71

Formula weight

3827.14

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Cubic

Space group

Fm-3

Unit cell dimensions

a = 26.123(4) Å α = 90°.
b = 26.123(4) Å β = 90°.
c = 26.123(4) Å γ = 90°.

Volume

17826(4) Å3

Z

4

Density (calculated)

1.409 Mg/m3

Absorption coefficient

1.106 mm-1

F(000)

7475

Crystal size

0.10 x 0.10 x 0.10 mm3

Theta range for data collection

2.21 to 21.96°.

Index ranges

-27<=h<=8, -24<=k<=27, -21<=l<=27

Reflections collected

7400

Independent reflections

1005 [R(int) = 0.0601]

Completeness to theta = 21.96°

99.8 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.8969 and 0.8969

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

1005 / 0 / 95

Goodness-of-fit on F2

1.110

Final R indices [I>2sigma(I)]

R1 = 0.0602, wR2 = 0.1789

R indices (all data)

R1 = 0.0781, wR2 = 0.1940

Largest diff. peak and hole

1.091 and -0.375 e.Å-3
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Table 4.1. Crystal data and structure refinement for 4.1.
Identification code

4.1

Empirical formula

C15.5 H10 N0.5 O7.5 Pb S

Formula weight

562.49

Temperature

100(2) K

Wavelength

1.54178 Å

Crystal system

triclinic

Space group

P-1

Unit cell dimensions

a = 6.6068(3) Å, α = 66.910(3)°.
b = 11.3025(6) Å, β = 78.207(2)°.
c = 12.4360(7) Å, γ = 81.511(2)°.

Volume

833.86(7) Å3

Z

2

Density (calculated)

2.240 Mg/m3

Absorption coefficient

21.235 mm-1

F(000)

529

Crystal size

0.10 x 0.10 x 0.05 mm3

Theta range for data collection

3.92 to 70.55°.

Index ranges

-7<=h<=8, -13<=k<=13, -15<=l<=15

Reflections collected

8385

Independent reflections

2730 [R(int) = 0.0278]

Completeness to theta = 70.55°

85.7 %

Max. and min. transmission

0.4165 and 0.2253

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

2730 / 2 / 256

Goodness-of-fit on F2

1.138

Final R indices [I>2sigma(I)]

R1 = 0.0243, wR2 = 0.0579

R indices (all data)

R1 = 0.0269, wR2 = 0.0589
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Table 4.2. Crystal data and structure refinement for 4.2.
Identification code

4.2

Empirical formula

C80 H60 Cd4 F24 N4 O20

Formula weight

2302.92

Temperature

293(2) K

Wavelength

0.71073 Å

Crystal system

Monoclinic

Space group

Pccn

Unit cell dimensions

a = 27.497(8) Å, α = 90°.
b = 7.402(2) Å, β = 90°.
c = 24.091(7) Å, γ = 90°.

Volume

4904(2) A3

Z

2

Density (calculated)

1.646 Mg/m3

Absorption coefficient

0.971 mm-1

F(000)

2396

Crystal size

0.2 x 0.2 x0.05

Theta range for data collection

1.85 to 25.23°

Index ranges

-29<=h<=31, -8<=k<=8, -27<=l<=28

Reflections collected

9824

Independent reflections

4305

Completeness to theta = 25.23 °

92.8 %

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

4164 / 0 / 317

2

Goodness-of-fit on F

1.094

Final R indices [I>2sigma(I)]

R1 = 0.0747, wR2 = 0.1745

R indices (all data)

R1 = 0.0977, wR2 = 0.1844
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Table 4.3. Crystal data and structure refinement for 4.3.
Identification code

4.3

Empirical formula

C20 H12 Cd2 N24

Formula weight

813.34

Temperature

100(2) K

Wavelength

0.71073 Å

Crystal system

Tetragonal

Space group

I4(1)/amd

Unit cell dimensions

a = 6.457(12) Å, α= 90°.
b = 6.457(12) Å, β= 90°.
c = 32.69(7) Å, γ = 90°.

Volume

1363(5) Å3

Z

2

Density (calculated)
Absorption coefficient

1.982 Mg/m3
1.624 mm-1

F(000)

792

Crystal size

0.10 x 0.10 x 0.10 mm3

Theta range for data collection

2.49 to 28.25°.

Index ranges

-8<=h<=7, 0<=k<=8, -33<=l<=19

Reflections collected

1408

Independent reflections

407 [R(int) = 0.0426]

Completeness to theta = 28.25°

80.9 %

Max. and min. transmission

none

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

407 / 0 / 44

Goodness-of-fit on F2

1.121

Final R indices [I>2sigma(I)]

R1 = 0.0238, wR2 = 0.0552

R indices (all data)

R1 = 0.0258, wR2 = 0.0559
0.684 and -0.378 e.Å-3

Largest diff. peak and hole
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Table 4.4. Crystal data and structure refinement for 4.4.
Identification code

4.4

Empirical formula

C54 H32 Cu2 N6 O17 S2

Formula weight

1228.06

Temperature

293(2) K

Wavelength

0.71073 Å

Crystal system

Triclinic

Space group

P-1

Unit cell dimensions

a = 6.9333(15) Å, α = 83.109(4)°.
b = 11.794(3) Å, β= 85.299(4)°.
c = 16.909(4) Å, γ = 73.817(4)°.

Volume

1316.6(5) Å3

Z

1

Density (calculated)
Absorption coefficient

1.549 Mg/m3
0.967 mm-1

F(000)

624

Crystal size

0.20 x 0.20 x 0.20 mm3

Theta range for data collection

2.28 to 28.24°.

Index ranges

-9<=h<=8, -15<=k<=15, -6<=l<=22

Reflections collected

6591

Independent reflections

5280 [R(int) = 0.0262]

Completeness to theta = 28.24°

81.0 %

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

5280 / 0 / 358

Goodness-of-fit on F2

1.004

Final R indices [I>2sigma(I)]

R1 = 0.0561, wR2 = 0.1462

R indices (all data)

R1 = 0.0755, wR2 = 0.1586
0.755 and -0.469 e.Å-3

Largest diff. peak and hole
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Table 4.1. Crystal data and structure refinement for 4.5.
Identification code

4.5

Empirical formula

C82 H62 Cu2 N6 O17 S2

Formula weight

1594.58

Temperature

293(2) K

Wavelength

0.71073 Å

Crystal system

Triclinic

Space group

P-1

Unit cell dimensions

a = 9.223(13) Å, α = 66.01(3)°.
b = 13.878(19) Å, β= 86.43(3)°.
c = 15.48(2) Å, γ = 84.63(3)°.

Volume

1802(4) Å3

Z

1

Density (calculated)
Absorption coefficient

1.469 Mg/m3
0.726 mm-1

F(000)

822

Crystal size

0.40 x 0.20 x 0.10 mm3

Theta range for data collection

1.44 to 24.71°.

Index ranges

-10<=h<=2, -15<=k<=16, -15<=l<=14

Reflections collected

4575

Independent reflections

4421 [R(int) = 0.1294]

Completeness to theta = 24.71°

72.0 %

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

4421 / 0 / 490

Goodness-of-fit on F2

1.110

Final R indices [I>2sigma(I)]

R1 = 0.1041, wR2 = 0.2708

R indices (all data)

R1 = 0.1333, wR2 = 0.3174
0.929 and -1.614 e.Å-3

Largest diff. peak and hole
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Appendix B. Powder X-Ray Diffraction Patterns (XRPDs)

Figure B1. XRPD pattern for 3.1.

Figure B2. XRPD pattern for 3.2.
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Figure B3. XRPD pattern for 3.3.

Figure B4. XRPD pattern for 3.4.
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Figure B5. XRPD pattern for 3.6.

Figure B6. XRPD pattern for 3.7.
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Figure B7. XRPD pattern for 3.8.

Figure B8. XRPD pattern for 3.9.
316

Appendix C. Selected TGA traces:

Figure C1. TGA for compound 3.1 showing a steady decrease in weight percent from
30oC to 80oC is due to a loss of acetonitrile and water molecules followed by a loss of
DMF molecules up to 180oC. Degradation of the framework is evident at 300oC.
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Figure C2. TGA for compound 3.2 showing that at temperatures below 95oC, a loss of
water molecules is observed. Degradation of the framework begins at 310oC.
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Figure C3. TGA for compound 3.6 indicating loss of acetonitrile molecules is
observed below 85oC, followed by a loss of DMF molecules up to 180oC.
Degradation of the framework begins at approximately 200oC.
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Appendix D. Selected NMR spectra for compounds H-L1, 3.9S, and the reaction mixture
of H-L1 and CoCl2 in aqueous medium.

Figure D1.1H NMR spectrum of H-L1 in DMSO-d6.
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Figure D2. 1H-1H gCOSY spectrum for 3.9S in D2O. Peak at 2.9 ppm assigned for
residual DMF solvent from the reaction mixture.
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Figure D3. 1H-13C gHSQC spectrum for 3.9S in D2O.
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Figure D4. (Above) 13C NMR spectrum of 3.9S in D2O. Peaks at 39.21 and 43.65 ppm
indicate different chemical shifts for C(4`) and C(6`) carbon atoms of thp rings,
respectively, due to chelation of L1 to cobalt ions. (Below) DEPT 135 spectrum of 3.9S
in D2O.
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The spectra below (Figures D5-D10) are for the reaction mixture of CoCl2 (0.1
mmol), H-L1 (0.15 mmol), and NaOCH3 (0.15 mmol) in 1 mL D2O under aerobic
conditions after standing at r.t. for 24 h.

Figure D5. The 1H NMR spectrum for the reaction mixture.

Figure D6. The 13C NMR spectrum for the reaction mixture.
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Figure D7. The 1H-1H gCOSY NMR spectrum for the reaction mixture.
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Figure D8. 1H-1H NOESY NMR spectrum for the reaction mixture.
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Figure D9. 1H-13C gHSQC NMR spectrum for the reaction mixture.
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Figure D10. The 1H-1H TOCSY NMR spectrum for the reaction mixture.
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Figure D11. 1H 2D-DOSY spectrum for 1S, 1.2 mM in D2O at 298 K.
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